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Cilia-enriched oxysterol 7β,27-DHC is
required for polycystin ion channel
activation

Kodaji Ha1, Nadine Mundt-Machado 1, Paola Bisignano 2, Aide Pinedo1,
David R. Raleigh 3, Gabriel Loeb 4, Jeremy F. Reiter 5,6, Erhu Cao 7 &
Markus Delling 1

Polycystin-1 (PC-1) and PC-2 form a heteromeric ion channel complex that is
abundantly expressed in primary cilia of renal epithelial cells. This complex
functions as a non-selective cation channel, and mutations within the poly-
cystin complex cause autosomal dominant polycystic kidney disease (ADPKD).
The spatial and temporal regulation of the polycystin complex within the
ciliary membrane remains poorly understood. Using both whole-cell and cili-
ary patch-clamp recordings, we identify a cilia-enriched oxysterol, 7β,27-
dihydroxycholesterol (DHC), that serves as a necessary activator of the poly-
cystin complex. We further identify an oxysterol-binding pocket within PC-2
and showed that mutations within this binding pocket disrupt 7β,27-
DHC–dependent polycystin activation. Pharmacologic and genetic inhibition
of oxysterol synthesis reduces channel activity in primary cilia. In summary,
our findings reveal a regulator of the polycystin complex. This oxysterol-
binding pocket in PC-2 may provide a specific target for potential ADPKD
therapeutics.

Primary cilia are tubular structures that emanate from the surface of
most mammalian cells1. Cilia house a cilia-specific subset of lipids and
proteins that must pass the transition zone at the base of the cilium,
which forms a regulated diffusion barrier and provides the structural
basis for the cilium as a compartmentalized organelle2–6. Very little is
known about specific targeting of lipids to the primary cilium. How-
ever, several reports suggest that the ciliary membrane comprises a
unique set of lipids (such as phosphatidylinositol-4-phosphate, PI(4)P
and oxysterols), creating a specialized microenvironment for cilia-
specific signal transduction2,7,8.

Cilia receive and transmit extracellular cues regulating diverse
cellular processes ranging from early development to kidney physiol-
ogy by a subset of cilium-specific signaling complexes9–11. Consistent

with the essential role of primary cilia as cellular sensors, mutations
within genes that encode ciliary proteins underlie a plethora of human
diseases (also summarized as ciliopathies) that range from develop-
mental defects to conditions involving brain, motor, and kidney
dysfunction12–16.

Polycystin-1 (PC-1) and PC-2 form a cation-permeant ion channel
on the primary cilia of renal epithelial cells17–19. PC-1 (encoded by the
PKD1 gene) consists of a large extracellular N-terminal fragment (NTF)
and 11 transmembrane domains as the C-terminus fragment (TF)20. An
intrinsic cleavage mechanism at the G-protein coupled receptor pro-
teolytic site (GPS) cleaves PC-1 into the NTF and CTF, which is indis-
pensable for the function of PC-121–23. PC-2 (encoded by the PKD2 gene)
belongs to the transient receptor potential polycystic (TRPP) ion
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channel family and contains six transmembrane domains14,24,25, pro-
viding essential subunits for a functional heteromeric polycystin
complex26–28. The last six transmembrane domains of PC-1 physically
interactwith PC-2 to formaheteromeric complexwith a ratio of 1:329,30.
Mutations in PKD1 or PKD2 cause autosomal dominant polycystic
kidney disease (ADPKD), which is characterized by continued enlar-
gement of fluid filled cysts within the kidney and other organs13,17,31–37.
Most ADPKD patients eventually develop end-stage renal disease
(ESRD), placing a considerable burden on the patients and healthcare
systems32,38,39. While human genetics and mouse models of cystic kid-
ney disease both suggest that ADPKD is a ciliopathy, the regulators of
polycystin complex function remain poorly understood9,12. Strikingly,
restoration of PKD protein expression in cystic kidneys of ADPKD
animal models reverses cysts, supporting the idea that polycystin
activators may be useful for the treatment of ADPKD40.

Although there is growing appreciation that ciliary membranes
have a unique lipid composition, it remains largely unknownhow these
lipids contribute to ciliary function. For instance, ciliary-specific
Hedgehog signaling requires cilia-enriched oxysterols, including
7β,27-dihydroxycholesterol (DHC)7,8,41,42. 7β,27-DHC is a cholesterol
derivative with two additional hydroxyl groups in the steroid ring and
aliphatic chain. 11β-hydroxysteroid dehydrogenase (11β-HSD)43 is a
critical enzyme in oxysterol metabolism. 11β-HSD type 1 (11β-HSD1)
catalyzes the stereospecific oxo-reduction of 7κ,27 to 7β,27, while 11β-
HSD type 2 (11β-HSD2) mediates the reverse oxidation reaction of
7β,27 to 7κ,2744,45. Single-cell RNA-sequencing and proteomics studies
have shown that 11β-HSD2 is predominantly expressed along renal
tubules, where it essential for mineralocorticoid homeostasis by con-
verting active cortisol to inactive cortisone46. However, in contrast to
phosphoinositides, our understanding of oxysterols as second mes-
sengers is still in its infancy due to a lack of biosensors to visualize
oxysterols in vivo. Nevertheless, oxysterols are emerging as a physio-
logically diverse group of metabolites that may function as second
messengers47–49.

The present study was initiated based on previous observations
by our group and others that overexpression of PC-2 homomers and
PC-1/PC-2 heteromers in human embryonic kidney (HEK) 293 cells or
Xenopus oocytes requires gain of function (GOF) mutations in PC-2,
such as PC-2F604P or PC-2L677A/N681A

28,50–52, to elicit measurable poly-
cystin channels in the plasma membrane. These initial findings were
surprising sincewild-type (WT) PC-2 subunits form functional channels
in the primary cilia of inner medullary collecting duct 3 (IMCD-3) and
HEK cells26–28,53. Thus,we hypothesized that primary ciliamight contain
critical cofactors required for polycystin channel activity. Here we
compare polycystin channel activity in the plasma and ciliary mem-
branes using whole-cell and ciliary patch-clamp recordings. We find
that a cilia-enriched oxysterol, 7β,27-DHC, binds within a cytoplasmic
region of PC-2 and activates the polycystin complex. Furthermore, we
show that pharmacologic and genetic inhibition of 7β,27-DHC synth-
esis reduces polycystin channel activity in primary cilia of IMCD-3 cells.
This study suggests that oxysterol derivates may be further developed
into PC-2 activators that can form the basis of potential ADPKD
therapeutics.

Results
Cilia-enriched oxysterol 7β,27-DHC activates the polycystin
complex on the plasma membrane
We previously had to rely on a GOF mutation (F604P) in PC-2 to
characterize basic biophysical properties of the heteromeric poly-
cystin complex in the plasma membrane28. Without that GOF muta-
tion, membrane-targeted PC-1/PC-2 complex remained inactive (in
agreement with recent reports)28,51,52, which led us to hypothesize that
the plasma membrane compartment is lacking critical cofactors for
voltage-dependent activation of the polycystin complex. To test this

hypothesis, we developed stable cell lines co-expressing WT PC-2
together with membrane-targeted PC-1 (sPC-1) under a doxycycline-
regulated promoter. Surface expression is markedly increased when
the endogenous signal peptide is substituted by an Ig k-chain secretion
sequence and hemagglutinin (HA) tag28,51,54(Fig. 1A). Live cell staining
with an anti-HA antibody revealed that the heteromeric complex
traffics to the plasmamembrane ofHEK293 cells and ciliarymembrane
of mouse (m)IMCD-3 cell (Fig. 1B).

After confirmingplasmamembrane insertionof sPC-1/2,we tested
a variety of lipids, previously identified as cilia enriched, for their
ability to activate the polycystin complex. We performed whole-cell
patch-clamp recordings and applied lipids to either the bath solution
or patch pipette solution, which allowed us to selectively apply the
lipid to the extracellular or intracellular side of the polycystin complex,
respectively (Fig. 1C). Our initial screen of 7 lipids identified 7β,27-DHC
as the only potential activator (Supplementary Fig. 1A–C). When
included in intracellular solution of the patch pipette, 5 µM7β,27-DHC,
elicited an outward rectifying current from sPC-1/2–expressing
HEK293 cells (139.9 ± 48.3 pA/pF, n = 16) (Fig. 1D–F). In contrast, non-
transfectedHEK293 cells did not show any currents above background
with 5 µM 7β,27-DHC in the pipette solution (9.3 ± 1.3 pA/pF, n = 15),
suggesting that 7β,27-DHC specifically activates the polycystin com-
plex (Fig. 1D–F). We next acutely applied 5 µM 7β,27-DHC to the
extracellular bath solution of sPC-1/2–expressing HEK cells and per-
formed whole-cell recordings using a ramp pulse. Extracellular appli-
cation of 7β,27-DHC did not activate sPC-1/2 in HEK293 cells
(10.4 ± 2.3 pA/pF, n = 24) (Fig. 1G), suggesting that 7β,27-DHC acts via
the cytoplasmic leaflet to modulate polycystin activation.

To test whether 7β,27-DHC can also activate either PC-1 or PC-2
homomers in our heterologous expression system, we performed
patch-clamp recordings onHEK293 cells expressing either sPC-1 or PC-
2 with 5 µM 7β 27-DHC in the patch pipette. Both PC-1– or PC-
2–expressing HEK cells failed to generate currents above background
(PC-1, 8.3 ± 2.3 pA/pF, n = 12; PC-2, 10.1 ± 0.7 pA/pF, n = 10) (Fig. 1D–F).
We next tested whether 7β 27-DHC can activate the heteromeric
polycystin complex lacking the large extracellular N-terminus. We
previously reported that ΔNTF PC-1 (PC-1ΔNTF) effectively trafficked to
the plasma membrane when co-expressed with WT PC-2 or PC-2
F604P28. However, PC-1ΔNTF/PC-2 did not exhibit any channel activation
with intracellular 7β,27-DHC application (Supplementary Fig. 2A
and B). We recently also reported that the orthologous PC-1L3/PC-2
heteromer also efficiently traffics to the plasmamembrane of HEK293
cells28. Still, 7β,27-DHC did not elicit any measurable currents from
HEK293 cells expressing sPC-1L3/PC-2 (Supplementary Fig. 2A and B).
Collectively, our data suggest that the heteromeric PC-1/PC-2 poly-
cystin complex requires both extracellular N-terminus and intracel-
lular 7β,27-DHC to form a functional channel in the plasmamembrane.

We next tested the permeation of larger synthetic cations, such as
N-methyl-d-glucamine (NMDG (+)). Previous electrophysiological
recordings from primary cilia enriched in either PC-2 F604P or PC-2
WT suggest that NMDG impairs ion permeation and thus reduces
outward currents.We observed that both sPC-1/2–dependent outward
and inward currents decreased after the charge carrier was switched
from Na+ (60.77 ± 23.02 pA/pF at +100mV; −9.29 ± 3.43 pA/pF at
−100mV) toNMDG+ ( + 13.94 ± 4.05 pA/pF at +100mV;−2.80 ± 1.37 pA/
pF), in agreement with previous reports25,27,55(n = 5) (Fig. 1H, I). As
expected, intracellular solutions with NMDG as charge carrier com-
pletely abolished ion permeation (Supplementary Fig 2C and D).

Higher concentrations of 7β,27-DHC increase open probability
at negative potentials
We next hypothesized that 7β,27-DHC may interact directly with the
polycystin complex. We measured polycystin activation in the inside-
out single-channel configuration of sPC-1/2–overexpressing HEK293
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cell membranes and applied 1 µM, 2.5 µM, 5 µM, and 50 µM 7β,27-DHC
to the bath solution (Fig. 2A). In this configuration, the cytoplasmic
leaflet is exposed to the bath solution. In single-channel recordings,
7β,27-DHC activated sPC-1/2 in a concentration-dependentmanner (G:
1μM 57.2 ± 1.9 pS, n = 3; G: 2.5μM 66.4± 1.0 pS n = 3; G: 5μM
63.75 ± 9.65 pS n = 4; G: 50μM 76.87 ± 4.28 pS n = 4; Fig. 2B, Supple-
mentary Fig. 3A–D). Notably, 50μM 7β,27-DHC also significantly
increased open probability at −100mV membrane potential (Fig. 2C).
Thus, we conclude that 7β,27-DHC behaves as a gating modifier to
promote the open state of the polycystin complex.

7β,27-DHC intercalates within PC-2 subunits
Although7β,27-DHCactivates heterologously expressed sPC-1/2, so far
it remains unclear whether activation is mediated by a direct lipid-
channel interaction. We determined specificity by testing structural
homologs of 7β,27-DHC, such as 7β-hydroxycholesterol (7β-HC), 7α-
HC, and 7α,27-DHC in their ability to activate the polycystin complex
(Fig. 3A).Interestingly, 7β-HC, 7α-HC, and 7α,27-DHC all failed to gen-
erate significant outward rectifying currents compared to 7β,27-DHC
(Fig. 3B), suggesting that the activation is enantioselective and point-
ing towards a specific binding pocket within the polycystin complex.
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Interestingly, two recent studies suggested that PC-2 is a sterol-
binding protein56,57, suggesting that 7β,27-DHC directly interacts with
PC-2. To test this hypothesis, we performed molecular dynamics
simulations using 7β,27-DHC with the published PC-2 structure25. We
focusedon the cytoplasmic domains of the PC-2 complex basedonour
prior finding (Fig. 1G). As shown in Fig. 3C and D, molecular dynamics

simulations identified a putative oxysterol-binding pocket formed by
the pre-S1 helix and the S4-S5 linker (Fig. 3d). Specifically, E208 within
pre-S1 andR581 in the S4-S5 loopwerepredicted to interactwith 7β,27-
DHC (Fig. 3D). In support of these simulations, a previous study pre-
dicted the same region as a binding pocket for phosphoinositide57. To
test whether phosphoinositides and 7β,27-DHC may compete for the

Fig. 1 | 7β,27-DHC activates the polycystin complex on the plasmamembrane.
A Strategy to express the polycystin complex in the plasma membrane. The black
dotted arrow indicates ciliary trafficking of PC-1 with endogenous signal peptide
and PC-2. Red arrow indicates redirected plasmamembrane trafficking using a IgG
kappa-derived secretion peptide on PC-128. B Immunofluorescent staining of
HEK293 and IMCD-3 cells overexpressing the polycystin complex. Surface HA
staining indicates that polycystin complex accumulates in plasma membrane of
HEK cells (Top) or cilia (IMCD-3 cells, bottom). Green, surface HA; Red, total HA or
cilia marker Arl13b; Magenta, PC-2; Images are representative for at least three
independent experiments. scale bar = 10 µM. C Structure of 7β,27-dihy-
drocholesterol (DHC). D Whole-cell patch-clamp traces recorded from parental
HEK293 cells or overexpressing sPC-1/2, PC-1 or PC-2. Voltage step pulse from
−100mV to +180mV in +20mV increments with 0mV holding potential and 5μM
7β,27-DHC in the pipette solution. E, F Current (I)–voltage (V) relationship and
current density for HEK293 cells overexpressing sPC-1/2, PC-1 or PC-2. Each value

was obtained at the maximum current (pA) from −100mV to +180mV and divided
by capacitance (pF); sPC-1/2 (red, n = 16), PC-1 (orange, n = 12), PC-2 (green, n = 10),
and HEK293 (n = 15). FQuantification of current density I (pA/pF) at +180mV. Two-
tailed unpaired Student’s t-test *P <0.05. G Effect of extracellular application of
7β,27-DHC on polycystin channel activation. 5 μM 7β,27-DHC was applied in bath
solution. Ramp pulse applied from −100mV to +100mV with 500ms duration.
Each value (pA) at −100 mV (gray square) and +100mV (gray blank square) is
divided by capacitance (pF) and plotted over time. Orange line indicates holding
potential (0mV). H, I Extracellular NMDG inhibits 7β,27-DHC evoked PC−1/2 cur-
rents. Blank and black squares indicate the current density (pA/pF) obtained at
+100mVand −100mV, respectively. i Left. I–V relationship of polycystin currents in
presence of Na+ (red) andNMDG (gray). Blue insert shows reversal potential shift as
the extracellular solution changes from Na+ to NMDG+. Right. (E) I (pA/pF) at
+100mV and −100mV before (red) and after (gray) NMDG perfusion. n = 5. Two-
tailed paired Student’s t-test, *P <0.05. Error bars: mean ± SEM.

Fig. 2 | Higher concentrationof 7β,27-DHC treatment increase openprobability
of sPC-1/PC-2 inward currents. A Representative inside-out single channel
recordings of cells overexpressing sPC-1/2 with intracellular application of 1μM to
50μM 7β,27-DHC. Red dotted lines indicate closed (C) and open (O) states of a
single channel.B Single-channel conductance after intracellular application of 1μM
to 50μM7β,27-DHC. green: 1μM (n = 3), blue: 2.5μM (n = 3), black: 5μM (n = 4) and

orange: 50μM (n = 4) C Normalized absolute open probability of sPC-1/2 obtained
from −100mV to +100mV during 10 s of recording. The absolute open probability
was normalized to themaximumopen probability. 1μM (n = 3), 2.5μM (n = 3), 5 μM
(n = 4) 50μM (n = 4). Two-tailed unpaired Student’s t-test, *P <0.05. Error bars:
mean ± SEM.
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same binding pocket, we added 5 µM PI(3,5)P2, PI(4,5)P2, and PI(4)P
together with 5 µM 7β,27-DHC to the intracellular solution (Supple-
mentary Fig. 1A and B). Remarkably, 5 µMPI(3,5)P2, PI(4,5)P2 decreased
the current density of sPC-1/2 treated with 7β,27-DHC, while only PI(4)
P completely abolished the channel activation byoxysterol, suggesting
high affinity competition of ciliary enriched PI(4)P with 7b,27-DHC
(Supplementary Fig. 1A and B).

To test the importance of E208 and R581 for 7β,27-
DHC–dependent channel activation, we mutated both amino acids to
alanine (hereafter called sPC-1/2E208A and sPC-1/2R581A). While sPC-1/
2E208A and sPC-1/2R581A still localized to the plasma membrane
(Fig. 4A, B), both mutants failed to generate currents above

background in the presence of 5 µM 7β,27-DHC (sPC-1/2E208A
8.7 ± 0.8 pA/pF, n = 10 and sPC-1/2R581A 6.8 ± 0.9 pA/pF, n = 12, Fig. 4C
top and D). These data strongly suggest that E208 and R581 are critical
for 7β,27-DHC–mediated activation of the polycystin complex. Inter-
estingly, Zheng et al. also identified PC-2 R581 as a critical amino acid
for channel activation55. To confirm that the effect ofmutation of E208
and R581 is specific to 7β,27-DHC–mediated polycystin activation and
does not impair general channel function, we introduced E208A or
R581A together with the GOF mutation F604P (sPC-1/2E208A-F604P and
sPC-1/2R581A-F604P; Fig. 4C, bottom and D). Both double mutants gen-
erated a smaller, but stillmeasurable outwardly rectifying current, sPC-
1/2E208A-F604P (33.0 ± 10.0pA/pF, n = 6) and sPC-1/2R581A-F604P

Fig. 3 | 7β,27-DHCbinds to PC-2 subunit. AOther oxysterols closely related 7β,27-
DHC. Molecular structures of three oxysterols, 7β−HC, 7α,27-DHC, and 7α− HC
closely related to 7β,27-DHC. Hydroxyl groups colored in red indicate unique
hallmarks in each structure. B Current density from whole-cell recordings expres-
sing sPC-1/2. 5μM 7β, 7α,27-DHC, and 7α were included in the intracellular
recording solution. Current density is plotted at +180mV. 7β,27 (n = 16), 7α,27
(n = 13) 7β (n = 7) 7α (n = 10), Two-tailed unpaired Student’s t-test, **P <0.01. Data
are presented as mean values ± SEM. C Molecular dynamics simulations of oxy-
sterol binding within the PC-2 structure (PDB: 5T4D). The top image shows the
system set-up with eight 7β,27-DHC molecules placed in solution (cyan spheres),

above the upper leaflet andbelow the lower leaflet. 7β,27-DHCmolecules are free to
bind to either extracellular or intracellular leaflet of PC-2during simulation. Bottom
image represents a binding event of one 7β,27-DHC molecule (orange spheres) to
the intracellular leaflet of PC-2. Protein is represented as cartoon, and phosphate
heads of lipids as yellow spheres to show membrane boundaries. D Snapshots of
7β,27-DHC bindingmode during molecular dynamics simulations. Once one 7β,27-
DHCmolecule binds to the intracellular region betweenpre-S1 and the S4-S5 linker,
it stably interacts with E208 and R581 throughout 1.4 μs of simulation time. The
protein is shown as white cartoon, 7β,27-DHC as orange/red sticks and residues
within 4 Å as cyan/red/blue sticks.
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(44.6 ± 8.9 pA/pF, n = 5), suggesting that E208 and R581 are specifically
required for 7β,27-DHC–dependent activation.

To test whether sPC-1/2E208A and sPC-1/2R581A can still elicit cili-
ary currents, we performed excised ciliary single-channel recordings
from IMCD-3 cells with ablated endogenous PC-2 expression and re-
expressed WT PC-2, PC-2E208A and PC-2R581A (Fig. 4G, PC-2 n = 4; PC-

2E208A n = 21; PC-2R581A n = 22)26,28. While both mutants still localized
on the ciliary membrane (Fig. 4E, F), only cells with re-expressed WT
PC-2 showed basal activity in the ciliary membrane, while both E208
and R581 mutants remained silent. These results further support the
idea that E208 and R581 are critical within the 7β,27-DHC binding
pocket.
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7β,27-DHC application to the ciliary compartment further
potentiates ciliary polycystin channels
We next asked whether exogenous application of 7β,27-DHC to the
inner leaflet of the ciliary membrane can further potentiate ciliary
polycystin channels. We performed excised ciliary inside-out patch-
clamp recordings (Fig. 5B) to measure the activation of endogenous
polycystin channels by 7β,27-DHC using ARL13B-EGFP–expressing
mouse (m)IMCD-3 cells. We found that in the presence of 7β,27-DHC,
ciliary polycystin channels started to open at holding potentials of
+40mVand −20mV, whereas they remained closed at these potentials
without the exogenous addition of 7β,27-DHC. These data suggest that
exogenously applied 7β,27-DHC can further potentiate the ciliary

polycystin complex (Fig. 5A). Furthermore, the absolute open prob-
ability of the ciliary polycystin channel with 7β,27-DHC was right-
shifted at a negative potential, indicating channel activation in the
physiological range (Fig. 5C). The conductance of ciliary polycystin
channels did not change with application of 7β,27-DHC (Gcilia+7β,27-DHC:
96.5 ± 5.3 pS, n = 4; Gcilia: 89.9 ± 2.2 pS, n = 4), indicating that 7β,27-
DHC is an allosteric polycystin modulator and does not affect ion
permeation (Fig. 5D). Next, we determined sensitivity of sPC-1/2 F604P
to 5μM 7β,27-DHC. R581 and F604 are in proximity, raising the inter-
esting possibility that alanine to proline mutation at position 604
could shunt oxysterol regulation of the polycystin complex. Interest-
ingly, 7β,27-DHC did not further potentiate PC-2 F604P, thereby

Fig. 4 | E208 and R581 within PC-2 are key amino acids required for 7β,27-DHC-
dependent activation. A, B Mutation of E208A or R581A does not affect plasma
membrane or ciliary trafficking of the polycystin complex. Live cell immunostain-
ing of HEK cells (top: DOX-induced, bottom: DOX-uninduced) stably expressing
sPC-1/PC-2, sPC-1/PC-2E208A or sPC-1/PC-2R581A using an anti-HA antibody (green),
indicative of sPC-1 trafficking. Data represent one intensity value per image. sPC-1/
PC-2 (+Dox: n = 3, −Dox: n = 1), sPC-1/PC-2E208A (+Dox: n = 5, −Dox: n = 1), sPC-1/PC-
2R581A (+Dox: n = 5, −Dox: n = 1). Two-tailed unpaired student’s T-test. C sPC-1/PC-2
E208A or R581A are insensitive to 7β,27-DHC-dependent activation. Whole-cell
patch-clamp recordings of HEK cells stably expressing sPC-1/PC-2, sPC-1/PC-2E208A
or sPC-1/PC-2R581A and respective double mutant with additional GOF F604P. The
same voltage step pulse protocol from Fig. 1D was applied to test bindingmutants.
sPC-1/2E208A and sPC-1/2R581A were tested with 5μM 7β,27-DHC added to the
intracellular solution, while the bindingmutants with F604P (sPC-1/2E208A-F604P and
sPC-1/2R581A-F604P) were tested without 5μM 7β,27-DHC. D Comparison of current

density at + 180mV from whole-cell patch-clamp recordings of the two oxysterol-
binding mutants. The current amplitudes at +180mV with E208A (green, n = 10)
and R581A (yellow, n = 11) were compared to those of the double mutants, E208A-
F604P (green, n = 6) and R581A-F604P (yellow, n = 5). Two-tailed unpaired Stu-
dent’s t-test *P <0.05, ***P <0.0001. E, F Immunofluorescent imaging analysis of
ciliary expression of sPC-1 with PC-2E208A or PC-2R581A. Ciliary localization of sPC-1
co-expressed with PC-2, PC-2E208A and PC-2R581A was confirmed using anti-PC-2
(red) and anti-acetylated tubulin antibodies (cilia marker, green). Each n indicates
the number of cilia for each group. PC-2 (n = 328), PC-2E208A (n = 289) and PC-2R581A
(n = 374). **P <0.005 between the indicated groups tested by One-way ANOVA.
G Representative excised ciliary single channel recordings. Single channel record-
ings of parent PC-2 knockout IMCD-3 cells or overexpressing sPC-1 with PC-2, PC-
2E208A or PC-2R581A without intracellular 7β,27-DHC application are shown at
+100mV and −100mV. Error bar, mean± SEM.

Fig. 5 | 7β,27-DHC potentiates ciliary polycystin-mediated currents.
A Representative excised inside-out single channel recordings of primary cilia in
IMCD-3 cell without (left) and with 5μM 7β,27-DHC (right). Single channel
recordings were obtained between +100mV and −100mV at 20mV increments.
Red dotted line indicates the close state of the channel. B Representative image of
ARL13B-GFP expressing IMCD-3 cells. Primary cilia (green) form a giga-ohm seal
with glass electrode (right). C Normalized absolute open probability of ciliary

channels. Popen of ciliary channels from IMCD-3 cells without (n = 4) and with 5 μM
7β,27-DHC (n = 4) D Single-channel conductance of ciliary channel recordings
shown in 3 Å. Black and red squares indicate the averaged current amplitudes of
ciliary channels from IMCD-3 cells without (n = 4) or with 5μM 7β,27-DHC (n = 4)
application, respectively. Dotted line indicates the fitting to the linear equation. Bar
graph insert shows comparison of ciliary channel conductance without or with
5μM 7β,27-DHC. Error bars: mean ± SEM.
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providing a tantalizing molecular explanation for the F604P GOF
mutation (Supplementary Fig. 4A–C). We also compared the channel
opening kinetics between PC-2 F604P and 7β,27-DHC-dependent WT
activation by measuring the time constant (tau, τ) at depolarizing
potential (+180mV) (Supplementary Fig. 4D and E). Channel opening
of the GOF mutant (τ =0.06 ±0.00ms, n = 4) or sPC-1/PC-2 + 7β,27-
DHC (τ =0.05 ± 0.01ms, n = 4) was comparable. Together, these find-
ings demonstrate that 7β,27-DHC can further promote opening of
ciliary polycystin channels at physiological membrane potentials and
suggest that endogenous ciliary 7β,27-DHC concentrations are not
saturating polycystin activation.

Oxysterol-binding pocket is present in PC-2 but not in other
polycystin members
Based on protein sequence alignments58,59, E208 and R581 in PC-2 are
not conserved in PC-2L1 and PC-2L2 (Supplementary Fig. 5A), sug-
gesting that PC-2 is the only 7β,27-DHC–sensitive polycystin member.
As expected, inside-out single-channel recordings in HEK293 cells
transiently expressing PC-2-L1-EGFP did not show any potentiation
with 5 µM 7β,27-DHC (Supplementary Fig. 5B). In addition, PC-2L1
did not result in significantly different conductance in outward
(GPC-2L1+7β,27-DHC: 208.0 ± 7.8 pS, n = 6, GPC-2L1; 205.8 ± 10.8 pS, n = 5)
and inward currents (GPC-2L1+7β,27-DHC: 89.0 ± 22.0 pS, n = 6, GPC-2L1;

107.0 ± 12.0pS, n = 5) (Supplementary Fig. 5C, D). The absolute open
probability of PC-2L1 was not affected by 7β,27-DHC (Supplementary
Fig. 5E), suggesting that 7β,27-DHC is specific for PC-2.

Synthesis of ciliary oxysterols by 11β-HSD enzymatic activity is
essential for polycystin activation
Having established that 7β,27-DHC is a sufficient to activate the poly-
cystin complex in both the plasma and ciliary membranes, we next
asked whether 7β,27-DHC is required for polycystin activity in primary
cilia. 11β-Hydroxysteroid dehydrogenase (11β-HSD) is a key enzyme to
generate oxysterols, including those found in cilia8,60. Carbenoxolone
(CNX), a component of licorice, is known to inhibit the activity of 11β-
HSD8 (see also Fig. 6A). A recent study demonstrated that CNX-
dependent inhibition of 11β-HSD2 impairs activation of the hedgehog
pathway8. As shown in Fig. 6B, incubation of IMCD-3 cells with CNX for
72 h completely abrogated endogenous polycystin channel activity
(Fig. 6B), even during long recordings (n = 20). Next, we assessed the
effects of genetic inhibition of 7β,27-DHC using small interfering RNA
(siRNA) targeted against 11β-HSD1 and 11β-HSD2. Depletion of both
enzymes in IMCD-3 cells resulted in a complete loss of ciliary poly-
cystin currents compared with those observed in cells treated with
scrambled siRNA (Fig. 6D, E), further emphasizing the notion that
oxysterols are required for ciliary polycystin activity in IMCD-3 cells.

Fig. 6 | 7β,27-DHC synthesis is critical for basal activity of ciliary polycystin
channels. A Schematic pathway of 7β,27-DHC synthesis. Schematic diagram illus-
trating key role of β1/2-hydroxysteroid dehydrogenase type 11 (β1/2-HSD11)
enzymes for conversion of 7-keto and 27-HC to 7β,27-DHC. Carbenoloxone (CNX)
inhibits enzymatic activity of β2-HSD11. B Excised ciliary single-channel recording
of IMCD-3 cells after 72-h CNX incubation. Holding potentials were given from
+100mV to −100mV. Red dotted line indicates closed state. C Model of CNX-
dependent polycystin inhibition. D Ciliary single-channel recordings after β1/2-

HSD11 knockdown. IMCD-3 cells were transfected with scrambled siRNA control
(top), β2-HSD11-siRNA (middle), and β1-HSD11-siRNA (bottom). Knockdown effi-
ciency was 95 ± 7% for β2-HSD11 and 90 ± 5% for β1-HSD11. Single channels with
recorded in ciliary excised patches at +100mV and −100mV. E Quantification of
open probability of ciliary recordings shown in D. Open events of single-channel
recordings were counted at +100mV and −100mV. Scr (scrambled) n = 5, B1 (β1-
HSD11) n = 21, B2 (β2-HSD11) n = 23. Error bars, mean ± SEM.
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Discussion
The present study identified a cilia-enriched oxysterol, 7β,27-DHC, as a
critical cofactor for polycystin activation. This study was initiated in
response to the puzzling observation that WT PC-2 remains silent in
the plasma membrane when co-expressed with sPC-1, despite its effi-
cient insertion into the plasma membrane28. This let us to speculate
that cofactors found specifically in cilia may be required for channel
activation. Our current model suggests that cilia-specific lipids confer
spatial specificity for activating the polycystin complex in the ciliary
membrane. While PC-2 has been reported in several subcellular loca-
tions, including the endoplasmic reticulum61, organelle-specific
cofactors may license channel activation only in the cilium. This con-
cept is common in channel physiology: for instance, mucolipins
(TRPML’s), the closest TRP channel homologs to polycystins, require
PI(3,5)P2 for activation. PI(3,5)P2 is enriched in the endosomal mem-
brane, thus restricting TRPML activity to endosomes62–64. While PI(3,5)
P2 and PI(4,5)P2 are well established second messengers required for
TRP channel activation, less is known about ciliary enriched PI(4)P as
an ion channel modulator. This opens the interesting possibility that
PI(4)P regulates ciliary protein function2,65.

Furthermore, Wang et al57. proposed a potential binding of
phosphatidylinositol-4,5-bisphosphate (PIP2) to the PC-2 subunit,
suggesting a pivotal role for phosphoinositides in modulating the
function of polycystins57. Our results point towards a potential com-
petition among different functional classes of lipids to modulate
polycystins. While we noted impaired 7β,27-DHC-dependent activa-
tion for non-ciliary PIPs, only PI(4)P completely abrogated polycystin
currents. PI(4)P is generatedwithin primary cilia by dephosphorylation
of PIP2 by cilia-localized PIP5 phosphatase INPP5E, and abnormal ciliary
PI(4)P levels cause a cystic phenotype66. Future studies will need to
address the physiological concentrations of phosphoinositides that
are required for 7β,27-DHC competition. Our current working model
proposes that 7β,27 licenses polycystin activation to the primary
cilium, while dynamic regulation by PI(4)P may finetune channel
activity. Alternatively, 7β,27-DHC could also be dynamically regulated
while PI(4)P levels set the overall threshold. Thus, potential biosensors
are required to study the regulation of oxysterols in primary cilia.
While other oxysterols structurally related to 7β,27-DHC failed to
activate the polycystin complex, we cannot rule out that other cofac-
tors may contribute to channel activation. Using molecular dynamics
simulations, we predicted a potential binding site for 7β,27-DHC in PC-
2. Interestingly, Wang et al. also predicted a location near E208 and
R581 as a potential phospholipid or cholesterol-binding pocket in
human PC-257. E208 and R581 are not conserved among other PC-2
family proteins, including PC-2L1 and PC-2L2, suggesting that PC-2 is a
unique lipid-binding protein. Indeed, a proteomics study identified PC-
2 as the only sterol-binding protein among the TRP channel family56.

However, the clinical correlation between oxysterols, polycystins,
and ADPKD remains unclear. 11β-HSD2 is best described in the context
of glucocorticoid synthesis and deficiency in 11β-HSD2 can cause
inappropriate glucocorticoid activation of renal mineralocorticoid
receptors (MRs)67,68. Clinically, deficiency in 11β-HSD2 in the kidney
causes apparent mineralocorticoid excess (AME) syndrome, which is
characterized by hypertension and hypokalemia43,69–72. Moudgil et al.
reported renal cysts in an AME patient, showing that inhibited 11β-
HSD2 enzymatic activity may lead to renal cyst formation73. Further-
more, treatment of newborn mice with high-dose glucocorticoids
induced polycystic kidney disease74, indicating that cystogenesis
might associate with activation of 11β-HSD enzymes. However,
knockout of CYP11B1 or CYP11B2, the two genes encoding 11β-HSD1
and 11β-HSD2 in mouse models do not result in kidney cysts75,76. The
redundancy in 7β,27-DHC synthesizing enzymes is currently only
poorly understood44,45,77. Given that the heterozygous PKD2 mouse
model does not induce renal cysts, we hypothesize that depletion of
11β-HSD expressionmay require the heterozygosity of PKD2 to induce

renal cystogenesis, mimicking the third-hit model78. Thus, further
clinical investigations are required to determine the precise mechan-
ism of renal cyst development by inhibiting oxysterol synthesis.

Together the results of this study show that the cilia-specific
oxysterol, 7β,27-DHC, can potentiate polycystin channel activity. We
also show that 7β,27-DHC binding to PC-2 is enantioselective, high-
lighting the specificity of the interaction. Recent research demon-
strated that re-expression of PC-2 can reverse renal cystogenesis,
indicating that the activity of polycystins suppresses cilia-dependent
cyst-activating (CDCA) signals40. Our study also suggests that the
development of polycystin complex activators that specifically target
the oxysterol-binding site is a promising therapeutic approach to
compensate for ADPKD-causing loss of function mutations in PC-2.

Methods
Cell culture and transfection
Human embryonic kidney (HEK) 293 cells and mouse inner medullary
collecting duct 3 (mIMCD-3) were obtained from ATCC, transfected
with the indicated vectors, and used for whole-cell patch-clamp and
single-channel recordings from excised cilia, respectively. HEK293
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Gibco) supplemented with 10% fetal bovine serum (FBS) and 0.1%
penicillin-streptomycin at 37 °C in a CO2 incubator (Heraeus). mIMCD-
3 cells were cultured in F-12K Nutrient Mixture (1X) Kaighn’s Mod-
ification (Gibco) supplemented with 10% FBS and 0.1% penicillin-
streptomycin. For cilia formation, mIMCD-3 cells were incubated in
serum-free OPTI-MEM (GIBCO) for 48 h at 37 °C and 5% CO2.

The sPC-1/2 construct was cloned into pTRE vectors, and HEK293
cells were transfected using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions. sPC-1/2–transfected
HEK293 cells were treated with 1μM doxycycline 12 h before the
experiment. For the patch-clamp experiment, the cells were seeded
into the patch-clamp chamber. For the ciliary patch-clamp test,
mIMCD-3 cells were transfectedwith ARL13B-GFP using Lipofectamine
LTX (Invitrogen), according to the manufacturer’s instructions.

Immunocytochemistry and imaging
All procedures were performed at room temperature. Cells were fixed
in 3.2% paraformaldehyde for 10min, permeabilized in 0.2% Triton X
−100 for 10min, and blocked in blocking solution (BS) that contained
5% fetal calf serum (FCS), 2% bovine serum albumin (BSA), 0.2% fish
gelatin, and 0.05% NaN3 in PBS for 30min. Cells were then incubated
with primary antibody solution (BS plus primary antibody) for 1 h.
Antibodies used: rat anti-HA (3F10, Roche), 1:1000; mouse anti-Arl13b
(N295B/66, Antibodies Incorporated), 1000; rabbit anti-HA (C29F4,
Cell Signaling), 1:1000; mouse anti PKD2 (D3, Santa Cruz Biotechnol-
ogy), 1:200. Cells were washed two times with PBS before incubation
with secondary antibody solution (BS plus fluorescent labeled sec-
ondary antibody (Thermo Fisher) and Hoechst at 1:1000 dilution) for
1 h. Cells were repeatedly washed with PBS and mounted onto glass
coverslips for imaging.

To stain for surfaceHA-tag expression, live cells were incubated in
rat anti-HA (3F10, Roche) primary antibody at a concentration of 1:100
in Leibovitz’s L-15 medium for 20min. Cells were washed once with
L-15 medium, fixed and stained as described above.

Mounted cells were imaged on a Nikon Ti inverted fluorescence
microscope with CSU-22 spinning disk confocal and EMCCD camera.
Z-stacks were acquired to visualize the full z-dimension of each cilium.
To compare trafficking between WT and mutant PC-2, imaging acqui-
sition parameters were kept constant for all conditions. Ciliary and cell
membrane surface intensities were calculated in ImageJ (NIH).

siRNA transfection and quantification of RNA levels
Arl13b-enhanced green fluorescent protein (EGFP)–expressing IMCD-3
cells were transfected with 20 pM of siRNA (Dharmacon) and 7.5μl
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RNAiMAX (Life Technologies) in a 3.5-cm dish. Cells were seeded at
230,000 cells/plate. After 48h of incubation for transfection, cells
were serum-starved, and cilia recordings performed 48 h after serum
starvation. For expression analysis, IMCD-3 cells in a 3.5-cm dish were
washed once with PBS and lysed in 1ml TRIzol (Zymo Research) for
RNA extraction according to themanufacturer’s instructions. RNAwas
reverse transcribed using the QuantiTect reverse transcription kit
(Qiagen). Gene-specific primers were designed using Primerbank
(http://pga.mgh.harvard.edu/primerbank/). Real-time PCR was per-
formed, and the results analyzedon aBioRADCFX284according to the
manufacturer’s instructions. Primer sequences for 11β-HSD1 (up:
cagaaatgctccagggaaagaa, dn: gcagtcaataccacatgggc); 11β-HSD2 (up:
ggttgtgacactggttttggc, dn: agaacacggctgatgtcctct).

Electrophysiological recordings
For a whole-cell patch-clamp experiments HEK293 cells with tetra-
cycline-inducible, stably integrated expression vectors were used.
The glass electrodes (Sutter Instruments, BF150-86-10) were pre-
pared using a micropipette puller (Sutter Instruments, SU-P1000).
Tips of glass electrodes were polished using amicro forge (Narishige,
MF-830), resulting in a bath resistance range of 8–10 MΏ. mIMCD-3
cells were used for single-channel recordings from excised cilia using
forged glass electrodes with bath resistance in the range of
26–30 MΏ.

Data were acquired with Multiclamp 200B amplifier (Molecular
Device, Axon Instruments), filtered at 5 kHz. Data were digitized at
10 kHz using Digidata 1324 A (Molecular Device, Axon Instruments).
The reference electrode was grounded using a 3 K KCl agar-bridge.

For the whole-cell patch-clamp recordings of HEK293 cells, both
step pulse and ramp pulse protocols were used. The step pulse pro-
tocol consisted of voltage steps from −100mV to +180mV in 20-mV
increments. The length of each step was 150ms. The holding potential
and tail pulse were given at 0mV and −80 mV, respectively. The ramp
pulse protocol was gradually applied from −100mV to +180mVduring
500ms with 0mV holding potential.

The intracellular solution contained (in mM): 90 sodium metha-
nesulfonate (NaMES), 10NaCl, 10HEPES, 5 EGTA, 2MgCl2 and0.1 CaCl2
(free Ca2+ ~100 nM, Maxchelator). Solution was adjusted to pH 7.4
using NaOH and 290 ± 5mOsm/kg using D-mannitol. For N-methyl-D-
glucamine (NMDG) test in Supplementary Fig. 2C and D, the intracel-
lular solution contained (in mM): 70 NMDG, 5 EGTA, and 100 HEPES,
adjusted to pH 7.4 using gluconic acid and 270 ± 5mOsm/kg using
D-mannitol.

The extracellular solution contained (in mM): 145 sodium gluco-
nate (NaGlu), 5 KCl, 2 CaCl2, 5 MgCl2 and 10 HEPES. Solution was
adjusted to pH 7.4 using NaOH and 290± 5mOsm/kg using
D-mannitol. Extracellular NMDG solution contained (in mM): 100
HEPES, 100NMDG and 5 EGTA. It was adjusted to pH7.4 using gluconic
acid and 290 ± 5mOsm/kg using D-mannitol. The osmolarity of all
solutions was measured using a vapor pressure osmometer (VAPRO,
Wescor, Inc.).

Data analysis
The whole-cell patch-clamp data and single-channel data from excised
cilia were recorded using Clampex 10.0 and analyzed using Clampfit
10.6 (Molecular Devices).

For the whole-cell patch-clamp, the current (I; pA) and voltage (V;
mV) relationship was assessed by plotting the maximum current
amplitudes obtained at each step pulse divided by capacitance (pF).
For the comparison of the current density, maximum current ampli-
tudes at +180mV divided by capacitance (pF) were plotted and com-
pared in a bar graph using Prism 5.0.

For single-channel recording from excised cilia, the current
amplitudes were plotted in a conventional histogram and fitted to the

Gaussian equation at each potential.

f xð Þ=
Xn

i = 1

Ai
e� x�μið Þ2=2σi2

σi
ffiffiffiffiffiffiffi
2Π

p +C ð1Þ

wheren is the component, A is the amplitude, µ is theGaussianmean,σ
is the Gaussian standard deviation and C is the constant y offset for
each i component. After fitting the Gaussian fitting, µ1 is subtracted
from µ2, and value for each voltage potential is plotted to show the
current (I; pA) and voltage (V; mV) relationship. To calculate con-
ductance (G; pG), currents wereplotted from −100 to +100mV voltage
potentials and fitted to linear equations.

To calculate the single-channel open probability, 10 s of the
recording were selected at each voltage potential, and the open
probability was calculated using the following equation:

Popen=
To
T

ð2Þ

where To is the total time that the channel presented in the open state
and T is the total observation time. If a patch containedmore than one
of the same type of channel, Popen was computed by:

Popen =
To
NT

ð3Þ

where N indicates the number of channels in the patch. The following
equation was used to populate data.

To=
X

LTo ð4Þ

where L indicates the level of the channel opening. The absolute
probability of the channel being open NPo was computed by:

Npo=
To

To+Tc
ð5Þ

where Tc indicates the total time in the closed state.
To measure the time constant (τ) of channel activation, the cur-

rent amplitudes at +180mV were plotted and fitted to the following
exponential decay equation:

Y =Y0 +Ae
�χ=τ ð6Þ

where Y0 indicates the initial offset; A is the amplitude of the oscilla-
tion; χ is the decay constant that determines the rate of decay; and τ is
the time elapsed since the initial displacement.

Computational methods
The homomeric PC-2 tetramer complex was simulated in the presence
of 7β,27-DHC to sample free binding events. The protein structure
from Protein Data Bank 5T4D25 was embedded into the 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC) lipid bilayer and neutralized
in 150mM NaCl, using the CharmmGUI webserver79. Eight 7β,27-DHC
molecules were placed in solution above the upper leaflet and below
the lower leaflet. The total system size was ~300K atoms. Simulations
were carried out using the ff14SB AMBER80 parameter set for the
protein, the Joung–Cheatham81 parameters for the monovalent ions,
LIPID1782 for the lipids, and the general Amber force field (GAFF)83 for
7β,27-DHC. The TIP3P model was used to simulate water. The 7β,27-
DHC geometry was first optimized, and its electrostatic potential was
calculated with Gaussian v9-E016 with the 6–31G* basis set. Next, the
restricted electrostatic potential (RESP) charges were fitted into the
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electrostatic potential with antechamber, and the force field para-
meters, topology, and starting coordinates were generated with
AmberTools. Simulations were carried out with the Particle Mesh
Ewald Molecular Dynamics (PMEMD) engine on graphics processing
units (GPUs). Minimization consisted of 10,000 steps, switching from
the steepest descent algorithm to conjugated gradient after
5000 steps. The system was then gradually heated from 0 to 303.15 K
over 100ps, and harmonic restraints with a spring constant of 10 kcal/
mol/Å2 were applied to all heavy atoms except water oxygen. After
reaching 100K, we switched from NVT (constant temperature, con-
stant volume) to NPT (constant temperature, constant pressure). After
100ps, force constants of 10, 5, and 2.5 kcal/mol/Å2 were applied to the
substrates and nearby residues (within 5 Å), protein, and lipid head-
groups, respectively. Restraints were gently removed over the next
~10 ns, and the homomeric system was simulated for ~2μs. Pressure
(1 bar) was maintained using a semi-isotropic pressure tensor and the
Monte Carlo barostat. Temperature was maintained with the Langevin
thermostat with a friction coefficient of 1 ps−1. The SHAKE algorithm
was used with a 2-fs time step. A non-bonded cutoff of 10 Å was used,
and electrostatics were calculated using the particle mesh Ewald
method.

Statistical analysis
Data were analyzed using Clampfit 10.6 (Axon Instruments, Molecular
Devices), OriginPro (Origin Lab) and Prism (GraphPad). The mean
values are presented with the standard error of the mean (SEM), and
the number of independent experiments or observations (N) is spe-
cified for electrophysiology (number of cells), animal studies, and
quantified imaging. Statistical significance was determined using
paired or unpaired two-tailed Student’s t-test, or one- or two-way
analysis of variance (ANOVA), with a significance threshold of P <0.05.
The sample sizes were determined based on the number of indepen-
dent experiments required for statistical significance and technical
feasibility.

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

Data availability
The data that support this study are available from the corresponding
authorsupon request. Thepublishedstructuralmodel used for Fig. 3C,D
is available at 5T4D. Molecular dynamics trajectories have been depos-
ited in Zenodo [https://zenodo.org/records/12511678]. Source data are
provided with this paper.

References
1. Kee, H. L. et al. A size-exclusion permeability barrier and nucleo-

porins characterize a ciliary pore complex that regulates transport
into cilia. Nat Cell Biol. 14, 431–437 (2012).

2. Garcia-Gonzalo, F. R. et al. Phosphoinositides regulate ciliary pro-
tein trafficking to modulate hedgehog signaling. Dev Cell 34,
400–409 (2015).

3. Reiter, J. F. & Leroux, M. R. Genes and molecular pathways under-
pinning ciliopathies. Nat Rev Mol Cell Biol. 18, 533–547 (2017).

4. Singla, V. & Reiter, J. F. The primary cilium as the cell’s antenna:
signaling at a sensory organelle. Science 313, 629–633 (2006).

5. Nachury, M. V., Seeley, E. S. & Jin, H. Trafficking to the ciliary
membrane: how to get across the periciliary diffusion barrier? Annu
Rev Cell Dev Biol. 26, 59–87 (2010).

6. Nachury, M. V. The molecular machines that traffic signaling
receptors into andout of cilia.CurrOpinCell Biol.51, 124–131 (2018).

7. Findakly, S. et al. Sterol and oxysterol synthases near the ciliary
base activate theHedgehogpathway. J.Cell Biol. 220, e202002026
(2021).

8. Raleigh, D. R. et al. Cilia-associated oxysterols activate smooth-
ened.Mol Cell 72, 316–327.e315 (2018).

9. Anvarian, Z., Mykytyn, K., Mukhopadhyay, S., Pedersen, L. B. &
Christensen, S. T. Cellular signalling by primary cilia in develop-
ment, organ function and disease. Nat Rev Nephrol. 15,
199–219 (2019).

10. Corcoran, R. B. & Scott, M. P. Oxysterols stimulate sonic hedgehog
signal transduction and proliferation of medulloblastoma cells.
Proc Natl Acad Sci USA 103, 8408–8413 (2006).

11. Huangfu, D. et al. Hedgehog signalling in the mouse requires
intraflagellar transport proteins. Nature 426, 83–87 (2003).

12. Hildebrandt, F., Benzing, T. & Katsanis, N. Ciliopathies.NEngl JMed.
364, 1533–1543 (2011).

13. Kimberling, W. J. et al. Autosomal dominant polycystic kidney dis-
ease: localization of the second gene to chromosome 4q13-q23.
Genomics 18, 467–472 (1993).

14. Kumar, S., Kimberling, W. J., Gabow, P. A., Shugart, Y. Y. & Pieke-
Dahl, S. Exclusion of autosomal dominant polycystic kidney disease
type II (ADPKD2) from 160 cM of chromosome 1. J Med. Genet. 27,
697–700 (1990).

15. Pretorius, D. H. et al. Diagnosis of autosomal dominant polycystic
kidney disease in utero and in the young infant. J UltrasoundMed.6,
249–255 (1987).

16. Sedman, A. et al. Autosomal dominant polycystic kidney disease in
childhood: a longitudinal study. Kidney Int. 31, 1000–1005 (1987).

17. Harris, P. C. & Torres, V. E. Polycystic kidney disease.Annu RevMed.
60, 321–337 (2009).

18. Ward, C. J. et al. Polycystin, the polycystic kidney disease 1 protein,
is expressed by epithelial cells in fetal, adult, and polycystic kidney.
Proc Natl Acad Sci USA 93, 1524–1528 (1996).

19. Yoder, B. K., Hou, X. & Guay-Woodford, L. M. The polycystic kidney
disease proteins, polycystin-1, polycystin-2, polaris, and cystin, are
co-localized in renal cilia. J Am Soc Nephrol 13, 2508–2516
(2002).

20. Malhas, A. N., Abuknesha, R. A. & Price, R. G. Interaction of the
leucine-rich repeats of polycystin-1 with extracellular matrix pro-
teins: possible role in cell proliferation. J Am Soc. Nephrol. 13,
19–26 (2002).

21. Trudel,M., Yao,Q. &Qian, F. The role ofG-protein-coupled receptor
proteolysis site cleavage of polycystin-1 in renal physiology and
polycystic kidney disease. Cells 5, 3 (2016).

22. Promel, S., Langenhan, T. & Arac, D. Matching structure with
function: the GAIN domain of adhesion-GPCR and PKD1-like pro-
teins. Trends Pharmacol Sci. 34, 470–478 (2013).

23. Lin, H. H. et al. Autocatalytic cleavage of the EMR2 receptor occurs
at a conserved G protein-coupled receptor proteolytic site motif. J
Biol Chem. 279, 31823–31832 (2004).

24. Foggensteiner, L. et al. Cellular and subcellular distribution of
polycystin-2, the protein product of the PKD2 gene. J Am Soc.
Nephrol. 11, 814–827 (2000).

25. Shen, P. S. et al. The structure of the polycystic kidney disease
channel PKD2 in lipid nanodiscs. Cell 167, 763–773 e711 (2016).

26. Kleene, S. J. & Kleene, N. K. The native TRPP2-dependent channel of
murine renal primary cilia. Am J Physiol Renal Physiol. 312,
F96–F108 (2017).

27. Liu, X. et al. Polycystin-2 is an essential ion channel subunit in the
primary cilium of the renal collecting duct epithelium. Elife 7,
e33183 (2018).

28. Ha, K. et al. The heteromeric PC-1/PC-2 polycystin complex is acti-
vated by the PC-1 N-terminus. Elife 9, e60684 (2020).

29. Su, Q. et al. Structure of the human PKD1-PKD2 complex. Science
361, eaat9819 (2018).

30. Yu, Y. et al. Structural and molecular basis of the assembly of the
TRPP2/PKD1 complex. Proc Natl Acad Sci. USA 106, 11558–11563
(2009).

Article https://doi.org/10.1038/s41467-024-50318-9

Nature Communications |         (2024) 15:6468 11

https://doi.org/10.2210/pdb5T4D/pdb
https://zenodo.org/records/12511678


31. Chebib, F. T. & Torres, V. E. Assessing risk of rapid progression in
autosomal dominant polycystic kidney disease and special con-
siderations for disease-modifying therapy. Am J Kidney Dis. 78,
282–292 (2021).

32. Halvorson, C. R., Bremmer, M. S. & Jacobs, S. C. Polycystic kidney
disease: inheritance, pathophysiology, prognosis, and treatment.
Int J Nephrol Renovasc Dis. 3, 69–83 (2010).

33. Stamm, E. R. et al. Frequency of ovarian cysts in patients with
autosomal dominant polycystic kidneydisease.AmJKidneyDis.34,
120–124 (1999).

34. Johnson, A. M. & Gabow, P. A. Identification of patients with auto-
somal dominant polycystic kidney disease at highest risk for end-
stage renal disease. J Am Soc Nephrol. 8, 1560–1567 (1997).

35. Fick, G. M. et al. The spectrum of autosomal dominant polycystic
kidney disease in children. J Am Soc Nephrol. 4, 1654–1660
(1994).

36. Chapman, A. B. & Schrier, R. W. Pathogenesis of hypertension in
autosomal dominant polycystic kidney disease. Semin Nephrol. 11,
653–660 (1991).

37. Gabow, P. A. Autosomal dominant polycystic kidney disease-more
than a renal disease. Am J Kidney Dis. 16, 403–413 (1990).

38. Lanktree, M. B. & Chapman, A. B. New treatment paradigms for
ADPKD: moving towards precision medicine. Nat Rev. Nephrol. 13,
750–768 (2017).

39. Cornec-Le Gall, E., Audrezet, M. P., Le Meur, Y., Chen, J. M. & Ferec,
C. Genetics and pathogenesis of autosomal dominant polycystic
kidney disease: 20 years on. Hum Mutat. 35, 1393–1406 (2014).

40. Dong, K. et al. Renal plasticity revealed through reversal of poly-
cystic kidney disease in mice. Nat. Genet (2021).

41. Nachtergaele, S. et al. Oxysterols are allosteric activators of the
oncoprotein Smoothened. Nat. Chem. Biol. 8, 211–220 (2012).

42. Dwyer, J. R. et al. Oxysterols are novel activators of the hedgehog
signaling pathway in pluripotent mesenchymal cells. J Biol Chem.
282, 8959–8968 (2007).

43. Beck, K. R. et al. 11beta-Hydroxysteroid dehydrogenases control
access of 7beta,27-dihydroxycholesterol to retinoid-related orphan
receptor gamma. J Lipid Res. 60, 1535–1546 (2019).

44. Gray, G. A., White, C. I., Castellan, R. F., McSweeney, S. J. & Chap-
man, K. E. Getting to the heart of intracellular glucocorticoid
regeneration: 11beta-HSD1 in themyocardium. JMol Endocrinol. 58,
R1–R13 (2017).

45. Chapman, K., Holmes, M. & Seckl, J. 11beta-hydroxysteroid dehy-
drogenases: intracellular gate-keepers of tissue glucocorticoid
action. Physiol Rev. 93, 1139–1206 (2013).

46. Chen, L., Chou, C. L. & Knepper, M. A. A Comprehensive map of
mRNAs and their isoforms across all 14 renal tubule segments of
mouse. J Am Soc Nephrol (2021).

47. Brown, A. J., Sharpe, L. J. & Rogers, M. J. Oxysterols: from physio-
logical tuners to pharmacological opportunities. Br J Pharmacol.
178, 3089–3103 (2021).

48. Willinger, T. Oxysterols in intestinal immunity and inflammation. J
Intern Med. 285, 367–380 (2019).

49. Griffiths, W. J. et al. Metabolism of non-enzymatically derived oxy-
sterols: clues from sterol metabolic disorders. Free Radic Biol Med.
144, 124–133 (2019).

50. Wang, Z. et al. The ion channel function of polycystin-1 in the
polycystin-1/polycystin-2 complex. EMBO Rep. 20, e48336
(2019).

51. Salehi-Najafabadi, Z. et al. Extracellular loops are essential for the
assembly and function of polycystin receptor-ion channel com-
plexes. J Biol Chem. 292, 4210–4221 (2017).

52. Arif Pavel, M. et al. Function and regulation of TRPP2 ion channel
revealed by a gain-of-function mutant. Proc Natl Acad Sci USA 113,
E2363–E2372 (2016).

53. DeCaen, P. G., Delling, M., Vien, T. N. & Clapham, D. E. Direct
recording and molecular identification of the calcium channel of
primary cilia. Nature 504, 315–318 (2013).

54. Zhu, J. et al. Structural model of the TRPP2/PKD1 C-terminal coiled-
coil complex produced by a combined computational and experi-
mental approach. Proc Natl Acad Sci. USA 108, 10133–10138 (2011).

55. Zheng,W. et al. Hydrophobic pore gates regulate ion permeation in
polycystic kidney disease 2 and 2L1 channels. Nat Commun. 9,
2302 (2018).

56. Hulce, J. J., Cognetta, A. B., Niphakis,M. J., Tully, S. E. &Cravatt, B. F.
Proteome-wide mapping of cholesterol-interacting proteins in
mammalian cells. Nat Methods 10, 259–264 (2013).

57. Wang, Q. et al. Lipid interactions of a ciliarymembrane trp channel:
simulation and structural studies of polycystin-2. Structure 28,
169–184 e165 (2020).

58. Omasits, U., Ahrens, C. H., Muller, S. & Wollscheid, B. Protter:
interactive protein feature visualization and integration with
experimental proteomic data. Bioinformatics 30, 884–886 (2014).

59. Kumar, S., Stecher, G. & Tamura, K. MEGA7:molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol. 33,
1870–1874 (2016).

60. Brown, A. J., Watts, G. F., Burnett, J. R., Dean, R. T. & Jessup, W.
Sterol 27-hydroxylase acts on 7-ketocholesterol in human athero-
sclerotic lesions and macrophages in culture. J Biol Chem. 275,
27627–27633 (2000).

61. Koulen, P. et al. Polycystin-2 is an intracellular calcium release
channel. Nat Cell Biol. 4, 191–197 (2002).

62. Dong, X. P. et al. The type IV mucolipidosis-associated protein
TRPML1 is an endolysosomal iron release channel. Nature 455,
992–996 (2008).

63. Shen, D., Wang, X. & Xu, H. Pairing phosphoinositides with calcium
ions in endolysosomal dynamics: phosphoinositides control the
direction and specificity of membrane trafficking by regulating the
activity of calcium channels in the endolysosomes. Bioessays 33,
448–457 (2011).

64. Dong, X. P. et al. PI(3,5)P(2) controlsmembrane trafficking by direct
activation of mucolipin Ca(2+) release channels in the endolyso-
some. Nat. Commun. 1, 38 (2010).

65. Nakatsu, F. A phosphoinositide code for primary cilia. Dev Cell 34,
379–380 (2015).

66. Xu, W. et al. The Joubert Syndrome protein inpp5e controls cilio-
genesis by regulating phosphoinositides at the apical membrane. J
Am Soc Nephrol. 28, 118–129 (2017).

67. Palermo, M., Quinkler, M. & Stewart, P. M. Apparent miner-
alocorticoid excess syndrome: an overview. Arq Bras Endocrinol
Metabol. 48, 687–696 (2004).

68. Stewart, P. M., Corrie, J. E., Shackleton, C. H. & Edwards, C. R.
Syndrome of apparent mineralocorticoid excess. A defect in the
cortisol-cortisone shuttle. J Clin Invest. 82, 340–349 (1988).

69. Young, M. J. & Clyne, C. D. Mineralocorticoid receptor actions in
cardiovascular development and disease. Essays Biochem (2021).

70. Fuller, P. J. & Young, M. J. Mechanisms of mineralocorticoid action.
Hypertension 46, 1227–1235 (2005).

71. Kotelevtsev, Y. et al. Hypertension in mice lacking 11beta-
hydroxysteroid dehydrogenase type 2. J Clin Invest. 103,
683–689 (1999).

72. White, P. C., Mune, T., Rogerson, F. M., Kayes, K. M. & Agarwal, A. K.
11 beta-Hydroxysteroid dehydrogenase and its role in the syndrome
of apparentmineralocorticoid excess. Pediatr Res. 41, 25–29 (1997).

73. Moudgil, A., Rodich,G., Jordan, S.C. &Kamil, E. S. Nephrocalcinosis
and renal cysts associated with apparent mineralocorticoid excess
syndrome. Pediatr Nephrol. 15, 60–62 (2000).

74. McDonald, A. T. et al. Glucocorticoid-induced polycystic kidney
disease-a threshold trait. Kidney Int. 37, 901–908 (1990).

Article https://doi.org/10.1038/s41467-024-50318-9

Nature Communications |         (2024) 15:6468 12



75. Ueda, K. et al. Renal dysfunction induced by kidney-specific gene
deletion of hsd11b2 as a primary cause of salt-dependent hyper-
tension. Hypertension 70, 111–118 (2017).

76. Tomlinson, J. W. & Stewart, P. M. Cortisol metabolism and the role
of 11beta-hydroxysteroid dehydrogenase. Best Pract Res Clin
Endocrinol Metab. 15, 61–78 (2001).

77. Aziz, N., Brown, D., Lee, W. S. & Naray-Fejes-Toth, A. Aberrant
11beta-hydroxysteroid dehydrogenase-1 activity in the cpk mouse:
implications for regulation by the Ke 6 gene. Endocrinology 137,
5581–5588 (1996).

78. Weimbs, T. Third-hit signaling in renal cyst formation. J Am Soc
Nephrol. 22, 793–795 (2011).

79. Jo, S., Kim, T. & Im, W. Automated builder and database of protein/
membrane complexes for molecular dynamics simulations. PLoS
One 2, e880 (2007).

80. Maier, J. A. et al. ff14SB: improving the accuracy of protein side
chain and backbone parameters from ff99SB. J Chem Theory
Comput. 11, 3696–3713 (2015).

81. Joung, I. S. & Cheatham, T. E. 3rd Determination of alkali and halide
monovalent ion parameters for use in explicitly solvated biomole-
cular simulations. J Phys Chem B. 112, 9020–9041 (2008).

82. Dickson, C. J. et al. Lipid14: The Amber Lipid Force Field. J Chem
Theory Comput. 10, 865–879 (2014).

83. Wang, J., Wolf, R. M., Caldwell, J. W., Kollman, P. A. & Case, D. A.
Development and testing of a general amber force field. J Comput
Chem. 25, 1157–1174 (2004).

Acknowledgements
This work was supported by National Institute of Health Grant
R01DK127277 (MD and EC), a National Research Foundation of Korea
(NTF) grant funded by the Korean government (MSIT) (No.
2019R1A6A3A03033302) (KH), National Institute of Health Grant
1K99DK131361-01A1 (KH), and the PKD Foundation (A137178) (KH). A his-
tologic examination was performed by Marcella Foti at the Gladstone
Institute. A portion of this work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore National Laboratory
under Contract DE-AC52-07NA27344 (PB).

Author contributions
KHandMDdesigned theproject. KHperformed the electrophysiological
experiments. MD generated the cell lines and AP maintained the cell
lines. MD performed siRNA experiment and qRT-PCR analysis. NM per-
formed the imaging analysis. PB simulated the computationalmolecular

dynamics. DRR shared the oxysterols. JFR, GL, EC, and MD provided
supervision. The manuscript was drafted by KH and MD. All authors
critically reviewed the text.

Competing interests
M.D. and J.R. are cofounders of a 5AM Venture-backed Newco. The
remaining authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50318-9.

Correspondence and requests for materials should be addressed to
Markus Delling.

Peer review information Nature Communications thanks Owen Wood-
ward and Haoxing Xu for their contribution to the peer review of this
work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, 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://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-50318-9

Nature Communications |         (2024) 15:6468 13

https://doi.org/10.1038/s41467-024-50318-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cilia-enriched oxysterol 7β,27-DHC is required for polycystin ion channel activation
	Results
	Cilia-enriched oxysterol 7β,27-DHC activates the polycystin complex on the plasma membrane
	Higher concentrations of 7β,27-DHC increase open probability at negative potentials
	7β,27-DHC intercalates within PC-2 subunits
	7β,27-DHC application to the ciliary compartment further potentiates ciliary polycystin channels
	Oxysterol-binding pocket is present in PC-2 but not in other polycystin members
	Synthesis of ciliary oxysterols by 11β-HSD enzymatic activity is essential for polycystin activation

	Discussion
	Methods
	Cell culture and transfection
	Immunocytochemistry and imaging
	siRNA transfection and quantification of RNA levels
	Electrophysiological recordings
	Data analysis
	Computational methods
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




