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RESEARCH ARTICLE

Cleavage of N-terminus of polycystin-1
increases calcium permeability of
polycystin-1/2 receptor channel complexes

Runping Wang, Danish Idrees, Mohammad Amir, Biswajit Padhy, Jian Xie, and Chou-Long Huang

Department of Internal Medicine, Division of Nephrology, University of lowa Carver College of Medicine, lowa City, lowa, USA.

Mutations on genes encoding polycystin-1 (PC1) and PC2 cause autosomal-dominant polycystic
kidney disease. How these 2 proteins work together to exert anticystogenesis remains elusive. PC1
resembles adhesion G-protein coupled receptors and undergoes autocleavage in the extracellular
N-terminus to expose a hidden “stalk” region, which is hypothesized to act as a “tethered agonist.”
Here, we show that WT PC1 and PC2 formed functional heteromeric channel complexes in Xenopus
oocytes with different biophysical properties from PC2 homomeric channels. Deletion of PC1
N-terminus, which exposed the stalk, increased calcium permeability in PC1/PC2 heteromers that
required the presence of stalk. Extracellular application of synthetic stalk peptide increased calcium
permeation in stalkless PC1/PC2. Application of Wnt9B protein increased calcium permeability in
PC1/PC2 but not in heteromers containing cleavage-resistant mutant PC1. Wnt9B interacted with
N-terminal leucine-rich repeat (LRR) of PC1. Pretreatment with LRR blunted the increase in calcium
permeability by Wnt9B. Thus, PC1 and PC2 form receptor-channel complexes that is activated by
exposure of the stalk region following ligand binding to the PC1 N-terminus. The stalk peptide acts
as a tethered agonist to activate PC1/PC2 by affecting ion selectivity of the complexes.

Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is a common life-threatening monogenic dis-
ease that leads to end-stage renal failure (1). This disease is characterized by development of fluid-filled
cysts that compress the normal kidney tissue, resulting in structural and functional damage. About 50% of
patients with ADPKD need dialysis or kidney transplantation by the fifth decade of life. The disease is pre-
dominantly caused by causal variants on PKDI and PKDZ2 genes, which encode polycystin-1 (PC1) and PC2
proteins. Among these variants, ~80% are in PKDI and ~15% are in PKD2 (2—-4). ADPKD currently has no
cure. Development of a new therapeutic strategy requires a better understanding of PC1 and PC2 function.
PC1 and PC2 partly function to regulate signals controlling cell growth and proliferation via intracellular
calcium, cAMP, Wnt, and mTOR signals (5-7). Homozygous germline deletion of either gene in mice is
embryonically lethal, whereas heterozygosity neither causes cysts nor death (8-10). A somatic second hit in
heterozygous carriers, with gene dosage reduction of PC1 or PC2 below a threshold, is required for cystogen-
esis in humans (11-16). Changes in intracellular calcium concentration play an important role in the develop-
ment of ADPKD (17, 18). Increases in intracellular calcium decrease cAMP level and mTOR activity, reduce
cell proliferation, and increase autophagy (17, 19-24). Intracellular calcium concentration in primary culture
of patients with ADPKD has been reported to be ~20 nM lower (17). Treatment with calcium ionophore or
triptolide, which restores the calcium signal, arrests cell proliferation and attenuates cyst formation (17, 25).
PC2 protein has 6 transmembrane domains and intracellular N and C termini. It forms homotetram-
ers and functions as a Ca?*-permeable, cation-selective channel. PC1 is a large protein (4,303 amino acids)
consisting of a large extracellular N-terminus (3,074 amino acids), 11 transmembrane domains, and a
short intracellular C-terminus of ~200 amino acid. The N-terminus contains multiple adhesion domains
and a G-protein coupled receptor autoproteolysis inducing (GAIN) domain, resembling those found in
adhesion G protein-coupled receptors (aGPCRs). PC1 (~520 kDa) is autocleaved at the GPCR proteol-
ysis site (GPS) within the GAIN domain at the distal end of N-terminus adjacent to the first transmem-
brane domain (TM1). GPS cleavage produces a ~370 kDa N-terminal fragment (NTF) and a ~150 kDa
C-terminal fragment (CTF). The CTF includes the 11 TM domains and a ~34 kDa cleavable intracellular
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C-terminal tail (CTT). N-terminus cleavage exposes a 21-amino acid peptide region immediately preced-
ing the TM1 segment. This “stalk peptide” region, tethered to TM domain, is believed to function as a
tethered agonist for PC1, much like the activation mechanism of aGPCRs (26, 27).

Structural studies show that four PC2 subunits form a homomeric channel characteristic of the TRP
channels (28, 29). The last 6 TMs of PC1 resemble the TMs of PC2. The TM regions of PC1 and PC2, in
the absence of intracellular termini, can assemble to form hetero-tetrameric channels (30). The cryo-EM
structure of PC1/PC2 heteromers appears to represent a closed nonfunctional state. Whether the native
heteromeric PC1/PC2 channel, consisting of WT full-length PC1 and PC2, is functional remains unclear.
PCs are present in the ER, on the apical and basolateral membranes of kidney tubules, and in the primary
cilium. In the primary cilium, PCs particulate in fluid shear stress—induced ciliary calcium response (31,
32). In ER, they regulate Ca*" release through IP, or ryanodine receptors (33, 34). PC2-null cells exhibit
reduced agonist-induced ER Ca?* release (35, 36). Conversely, exogenous expression of PC2 in HEK cells
augment ER Ca?* release (37). In mice or in proximal tubular cells, knockdown of PC2 and/or PC1 lowers
the baseline Ca?* level (18, 38, 39). Reexpression of full-length PC2 or PC1 in KO mice not only prevents
disease progression but also reverses the pathology of ADPKD (40). Reexpression of the deleted genes
reverses inflammation, extracellular matrix disposition, and fibrosis as well as kidney cysts.

Patch-clamp recordings of PC2 on the primary cilium reveal that PC2 preferentially conducts mon-
ovalent cations over Ca** (41). Gain of function of PC2 expressed in Xenopus oocytes exhibits similar per-
meability profile with higher K* over Ca?* permeability (42). We recently reported that PC2 functions as a
K*-permeable channel that facilitates K*-Ca?* exchange, enhancing ER Ca?* release (43). Trimeric intracel-
lular cation channel isoform-B (TricB), an ER-restricted K*-permeable channel, can complement PC2 defi-
ciency in cells and mice. The findings that PC1 and PC2 physically associate and their TM domains coas-
semble raise the hypothesis that they form receptor-channel complexes (30, 41, 44). Studies of WT PC2
channel activity have so far been limited to patch-camp recording on cilia, lipid bilayers, and fluorescence
Ca?" imaging (33, 41, 45-49). In this study we demonstrated that WT PC2 can form functional channels in
Xenopus oocytes. We then reconstituted PC1/PC2 heteromeric channels to examine the receptor-channel
hypothesis. Our evidence suggests that PC1 N-terminus cleavage activates the complexes by increasing Ca**
permeation through heteromeric channels. We confirmed that the secreted morphogen Wnt9B acts as a
ligand that activates the complexes by releasing the autocleaved N-terminus. We compared our results with
existing literature to further understand the functional and structural aspects of polycystins. Our results
lay the foundation for future studies on structure-function relationships of the complex, the identification
of additional ligands, and a further elucidation of regulatory mechanisms. Finally, our studies open the
possibility for new therapeutic strategies targeting PKDI N-terminal mutations by focusing on downstream
regions such as TOP domain.

Results

Expression of PC2 produces currents in Xenopus oocytes. PC2 channel activity has been measured on cell mem-
brane, using reconstituted lipid bilayer recordings and by patch-clamp recordings of the primary cilium (33,
41, 4547, 49-53). Yu’s group reported channel activity of gain-of-function (GOF) PC2 mutants in Xenopus
oocytes (42, 54). We explored the possibility that WT PC2 currents could be detected in Xenopus oocytes
with longer expression time (7 versus 2-3 days in most studies). Oocytes were injected with vehicle or
30-120 ng of mRNA coding for WT PC2 and recorded 7 days later by 2-electrode voltage clamp in a bath
solution containing 100 mM NaCl. As shown, oocytes injected with = 30 ng of mRNA expressed slightly
outward-rectifying currents in a dose-dependent manner (Figure 1, A—C). The dose-dependent increase in
currents occurred in both the inward and outward directions.

We further examined the time course of expression required to detect currents in oocytes injected
with WT PC2 RNA. Currents were not detectable at 3—5 days after injection of 90 ng WT PC2 RNA but
could be detected at day 7 (Figure 1, D and E). For comparison, in oocytes injected with 30 ng of GOF
F604P-PC2 (phenylalanine-604 to proline) mutant mRNA, currents could be detected at day 5 (Figure 1E).
We also injected 60 ng of F604P PC2 RNA, but the majority of cells died before recording at day 5. Cell
death may be related to intracellular calcium overload and toxicity due to the higher current level of GOF
mutant. In subsequent experiments, 90 ng of WT PC2 and 30 ng of F604P-PC2 RNA were used unless
otherwise indicated. Expression of PC2 on oocyte membrane and in cell lysates was confirmed by immu-
nofluorescence staining and Western blot analysis (Figure 1, F and G).
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Figure 1. WT PC2 expresses currents in Xenopus oocytes. (A) Currents in Xenopus oocytes injected with vehicle (water), or mRNA coding for WT PC2.
Currents were recorded by 2-electrode voltage-clamp in a bath solution with 100 mM NaCl. Holding potential was -50 mV, and 400 ms steps were applied
from -100 mV to 100 mV in 20 mV increments. (B) Steady-state (at 400 ms) current-voltage (I-V) relationship curves from A. (C) Mean + SEM for inward
and outward currents at -100 and 100 mV. n = 8, 7, 4, 10, 4 for 30, 60, 90 and 120 ng mRNA injection, P <0.0001, 1-way ANOVA. (D) Step currents and
steady-state I-V from oocytes recorded 3 or 7 days after injection. (E) Mean + SEM for inward and outward currents from oocytes recorded at 5 or 7 days.

P <0.01, 7 days versus 5 days for PC2 (90 ng) or F604P (30 ng mRNA injected); P < 0.001 for PC2 (n = 5) versus F604P (n = 5) at 5 days; P < 0.01for PC2 (n
=9) versus F604P (n = 7) at 7 days. n = 5 and 7 (5- and 7-day) for vehicle injected group. (F) Immunofluorescence staining using antibody against HA tag.
Scale bar: 150 pm. (G) Western blot of oocyte lysates probed by anti-PC2 or anti-HA antibody. Oocytes were injected with vehicle or C-terminal HA-tagged
PC2in F and G. Blue arrow: HA-tagged PC2; black arrow: 250 and 100 kDa protein standards. (H) Oocytes were injected with vehicle or PC2 mRNA. |-V curve
of steady-state current at 400 ms were scaled and overlaid. (I) Oocytes were injected with vehicle or WT PC2 and with or without D643K PC2 mutant at 1:1
mRNA ratio. Inset showed I-V relationship, n = 10 for all. (J) Currents were recorded in a bath solution containing 100 mM KCl. Scaled and overlaid currents.
Two-tailed unpaired Student’s t test for E and I.

To examine whether currents observed in PC2-injected oocytes could be due to activation of endogenous
channels, we compared the properties of currents recorded from vehicle- and PC2-injected oocytes. As shown
in step-current tracings, the much smaller endogenous oocyte currents displayed time-dependent inactivation
during depolarization, with current decay over the 400 ms holding period, such that steady-state current at
400 ms revealed an additional rectification at > 25 mV (Figure 1H). This was further evidenced by the steady-
state current-voltage (I-V) relationship curves, where vehicle-injected currents were scaled up and overlaid
with those from PC2-injected oocytes (right panel). While these results alone do not completely exclude that
observed PC2 currents are not endogenous, the conclusion is further supported by experiments using a loss-
of-function PC2 mutant, D643K-PC2 (aspartate 643 to lysine), as a dominant-negative inhibitor. Expressing
D643K-PC2 had no effects on basal current in vehicle-injected oocytes, but it inhibited the coexpressed WT
PC2 current (Figure 1I). PC2 channels recorded from the primary cilium exhibit lower Na* over K* permeabil-
ity (41). Since K* is the most abundant cation inside cell, this finding may contribute to slightly lower inward
(mediated by Na*) than outward (presumably predominantly mediated by K*) current when recorded in a 100
mM NaCl bath. Consistent with the notion, replacing the bath with 100 mM KCl increased inward currents,
giving a more linear I-V relationship in PC2-injected oocytes (Figure 1J). Differences between endogenous
currents and PC2-mediated K* currents were evident in overlaid, scaled-up I-V curves showing deviation at
> 75 mV (Figure 1J). Together, these results support the notion that the currents recorded in PC2-expressing
Xenopus oocytes are mediated by PC2 and not by the activation of endogenous channels.

Coexpression with sPC1 increases PC2 surface expression and alters channel properties. Cryo-EM studies revealed
that truncated PC1 and PC2 containing transmembrane domains form nonfunctional heteromers (30).
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Wang et al. show that PC1 coassembles with a GOF PC2 mutant to increase Ca?* permeability (42). Ha
et al. reported that in HEK cells, expression of a secretory PC1 (sPC1) carrying the kIgG signal sequence
increases cell surface targeting of WT PC2, but functional PC2 currents could not be detected (48). Here,
we tested whether WT PC1 and PC2 can form functional channel complexes on cell-surface membrane.
To enhance cell-surface expression, we engineered a similar sPC1 construct with the kIgG leader sequence.
Coexpression of sPC1 robustly increased the total current; the total current was ~2-fold larger in sPC1/
PC2 coexpression compared with PC2 alone (inward currents 2.4-fold, outward current 1.6-fold; Figure
2, A and B). We examined surface expression using an extracellularly hemagglutinin-tagged (HA-tagged)
PC2 construct (PC2%2A) and external application of anti-HA antibody without cell-membrane permeabi-
lization. Coexpression with sPC1 increased surface expression of PC2 by ~1.86-fold (Figure 2, C and D;
normalized to PC2 alone). The increased surface abundance of PC2 by sPC1 coexpression was not due to
increased total protein abundance; in fact, the total PC2 in lysate from oocytes injected with sPC1/PC2
was slightly less than that from oocytes injected with PC2 (Figure 2C).

Next, we examined the relative permeability of Na*, K*, Ca?*, and NMDG" (N-methyl-D-glucamine)
for PC2 homomers and sPC1/PC2 heteromers by comparing reversal potentials in bath solution con-
taining 100 mM NaCl, KCl, CaCl, or NMDGCI. To minimize contamination of CI~ current through
calcium-activated CI- channel TMEMI16A, experiments were performed in presence of the TMEMI16A
inhibitor T16A(inh)-A01 (10 puM). Figure 2E shows representative reversal potentials at 100 mM of each
cation for PC2 homomers and sPC1/PC2 heteromers. Figure 2F shows mean inward and outward cur-
rents. As shown, the reversal potential for PC2 homomers in 100 mM NaCl, KCI, CaCl,, and NMDGCI
were —11.32 £ 1.42,-3.67 £ 1.23,-35.89 + 1.45, and —50.95 * 3.0, respectively (Figure 2G). These results
indicate order of permeability of K* > Na* > Ca?* > NMDG", consistent with previous reports for PC2
(41). Coexpression with sPC1 did not alter the sequence of permeability, nor did it change the reversal
potential for Na*, Ca?*, and NMDG", except for K*, where the reversal potential shifted by ~+2 mV. The
relative permeability was estimated using changes in the reversal potential when 1 extracellular cation was
replaced by equal molar of other cations (Figure 2H). These results conformed higher permeability for K*
over Na*, Na* over Ca?*, and Ca?* over NMDG". As expected for the +2 mV positive shift in the reversal
potential for sSPC1/PC2 versus PC2 in 100 mM KCl, P, /P for the former was slightly higher than the
latter (Figure 2H). Thus, sPC1 coexpression alters the biophysical properties of PC1/PC2 heteromers, as
evidenced by increased K* permeation.

GOF F604P-PC2 mutant is different from WT PC2. Because homomeric WT PC2 channel currents could
not be recorded on the cell membrane, studies on PC2 channels have relied on using GOF mutants (42, 48,
54). One previous study reported that PC1 coexpression decreases F604P-PC2 currents in Xenopus oocytes
(54), while another in HEK cells showed that PC1 increases the expression of F604P (48). Here, we com-
pared the effect of sPC1 coexpression on WT PC2 and F604P-PC2 mutant. In contrast to its effect on WT
PC2 (Figure 2, C and D), we found that sPC1 coexpression had no effect on cell-surface expression of
F604P-PC2 (Figure 3A). sPC1 coexpression decreased inward current but had no effect on outward current
of F604P, resulting in more outward rectification for sPC1/F604P-PC2 heteromers (Figure 3B). The find-
ing that outward current was not altered is consistent with the observation that cell surface expression was
unchanged. The shift in rectification indicates that sPC1 and F6404P-PC2 coassembly forms heteromers
with different biophysical properties compared with sPC1/WT-PC2. The amino acid phenylalanine-604
resides on the fifth TM segment of PC2. Mutation of phenylalanine to proline produces a kink in the TM
segment, leading to a constitutive open pore (54). We reason that this structural alteration in F604 mutation
affects subunit assembly with sPC1, affecting cell surface expression and biophysical properties of sPC1/
F604P-PC2 compared with sPC1/WT-PC2. To further support that coassembly of F604P versus WT-PC2
with sPC1 underlines the differences in biophysical properties of heteromers, we examined the rectification
ratio (outward current at +100 mV over inward current at —100 mV). The rectification ratio for WT-PC2 and
F604P homomers were different (Figure 3, C and D). Moreover, sPC1 coexpression decreased the rectifica-
tion ratio for heteromers formed with WT-PC2, while increased it for those formed with F604P. Thus, GOF
PC2 mutants including F604P should not be used as functional readout of increased PC2 channel activity in
vivo, despite exhibiting increased channel activity. The cryo-EM structure of PC1/PC2 heteromers reveals
that 3 positively charged amino acids, arginine-4100 (R4100), arginine-4107 (R4107), and histidine-4111
(H4111) on the eleventh TM segment of PC1, protrude side chains into the ion conducting pathway (30).
Supporting the role of these residues in ion conduction, charge neutralization and size-chain reduction of
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Figure 2. PC1 increases surface expression and K* permeability of PC2. (A) |-V relationship of currents from oocytes expressing PC2 alone or sPC1/PC2
recorded in100 mM NaCl. (B) Mean + SEM for inward and outward currents at -100 and 100 mV in oocytes injected with vehicle or mRNA for PC2, sPC1 or
both; n =10, 5, 8, and 8, respectively. (C) Oocytes injected with vehicle or mRNA for a HA-tagged PC2 (PC2302M*), with or without sPC1. PC232"A contains an
extracellular HA tag engineered to replace amino acids 302-306 of the TOP domain (second extracellular loop) of PC2. Top: representative Western blot

of total oocyte lysates probed with anti-PC2 and anti-f actin antibody. Bottom: representative immunofluorescence (IF) staining images using anti-HA
antibody extracellularly in nonpermeabilized oocytes. IF staining in oocytes injected with sPC1 alone was not different from vehicle-injected (not shown).
(D) Mean + SEM of normalized IF intensity of surface expression of PC23°"* in control (vehicle), PC23°%"4, and sPC1/ PC23%?*A-injected oocytes asinC (n =9,
11, and 11, respectively). IF intensity was normalized to PC23°?**-injected oocytes. (E-H) Oocytes expressing PC2 or sPC1/PC2 were recorded in 100 mM NaCl,
KCl, CaCl,, or NMDGCI. (E) Representative |-V with enlarged curves showing reversal potentials. (F) Mean + SEM for inward and outward currents at -100
and 100 mV, n = 7 and 8 for PC2 and sPC1/PC2. (G) Reversal potentials. (H) Calculated relative permeability P,/P,. *P < 0.01 for PC2 versus sPC1/PC2. Two-
tailed unpaired Student’s t test for B and D-F. In all panels, experimental number (n) is number of oocytes as shown by scatter plots. All experiments were
repeated 2 or more times with similar results.

these residues by mutating them to glycine increases conductance of heteromeric channel formed with a
GOF PC2 (42). We examined the effect of charge conversion of these residues by mutating them to gluta-
mate. Coexpression of sPC1 carrying R4100E and R4107E mutations (sPC1 ;) with PC2 decreased cur-
rents of heteromeric channels (Figure 3E). The same effect of sPC1,, was observed on F604P-PC2. These
results support the notion that PC1 is a pore forming subunit in heteromeric PC1/PC2 channels.

Cleavage of N-terminus of PCI increases Ca®* permeability of heteromeric sPC1/PC2 channel. Autocleavage of
the N-terminus of PC1 exposes a hidden stalk region, which activates PC1 signaling via a tethered-agonist
mechanism (26, 27). Having established that PC1 and PC2 form functional receptor-channel complexes,
we hypothesize that stalk peptide plays a key role in activating these complexes. To test the hypothesis, we
generated a series of PC1 constructs that replicate the effect of NTF cleavage, deletion of the exposed stalk
region after cleavage, and/or deletion of the intracellular C-terminus (CTT) (Figure 4, A and B). The con-
struct sCTF includes the xIgG signal sequence and the CTF, which contains the stalk region. The construct
sCTF.Astalk is sSCTF lacking the stalk peptide. The construct sSCTE.ACTT has the CTT deleted from sCTF.

As described in experiments shown in Figure 2, E-H, we measured the reversal potential for each cat-
ion at 100 mM concentration in the bath, and we calculated relative permeability based on the shift in rever-
sal potential (Figure 4, C-I, and Supplemental Table 1; supplemental material available online with this

JCl Insight 2025;10(19):e185186 https://doi.org/10.1172/jci.insight.185186 5
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thus, the intensity of the IF images were comparable. Scale bar: 150 pm. (B) Representative current steps, steady-state |-V curve (at 400 ms), and mean

+ SEM for inward and outward currents at -100 and 100 mV in oocytes injected with mRNA for F604P-PC2 (PCZFEW) orPC2,,,,./sPC1 as indicated. n =5

for each group. Experiments were conducted concurrently with those shown in Figure 2B; refer to Figure 2B for the values of the vehicle and sPC1-injected
groups. (C) Rectification ratio of PC2 and sPC1/PC2 currents recorded in 100 mM KCl bath. The ratio of outward K* current (at +100 mV) to inward K* current
(at -100 mV) is shown. n = 13 each group. Inset: I-V curve. (D) Rectification ratio for PC2.,,,,and sPC1/PC2_ . asillustrated in €. n = 13 each group, inset:
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PC2,,,,.- N = 4-5 each group. Two-tailed unpaired Student’s t test for A-E. In all panels, experimental number (n) is number of oocytes as shown by scatter
plots. All experiments were repeated 2 or more times with similar results.

article; https://doi.org/10.1172/jci.insight.185186DS1). Figure 4, C—G, show representative I-V curves
illustrating reversal potentials for Na*, K*, and Ca’* and reversal potential shifts at 100 mM CaCl, relative
to 100 mM NaCl [labeled A(E_ -E, )] and to 100 mM KCI [A(E_ -E,)]. The calculated relative permeability
ratios (P /P, and P /P ) based on these reversal potential shifts are shown (Figure 4, H and I, and Sup-
plemental Table 1). As already shown in Figure 2, E-H, coexpression of WT sPC1 did not affect the Ca?**
permeability of sPC1/PC2 heteromers (Figure 4, C, D, H, and I; sPC1/PC2 versus PC2 alone). Of note,
the reversal potential for K* shifted slightly toward more positive relative to Na* (Figure 2E and Figure 4,
C and D), reflecting an increase in P /P _in sPC1/PC2 heteromers versus PC2 alone (Supplemental Table
1). Importantly, coexpression of SCTF with PC2 caused a positive shift in reversal potential for Ca** (E_,)
such that A(E_-E, ) and A(E_-E,) were smaller for sSCTF/PC2 than for sPC1/PC2 (Figure 4, D and E),
and calculated relative permeability, P_,/P, and P /P, were increased (Figure 4, H and I). Thus, NTF
cleavage in PC1 increases Ca?* permeability in PC1/PC2 heteromers.

To test the hypothesis that the increase in Ca?" permeability is due to the exposure of stalk peptide
acting as a tethered agonist, we examined the effect of sCTF.Astalk. We found that Ca?* permeability
in sCTF.Astalk/PC2 was reduced compared with sCTF/PC2 (Figure 4, F, H, and I), supporting the
essential role of the stalk peptide in activating the channel. Deletion of the intracellular C-terminus of
PC1 (CTT) abolished the increase in Ca?* permeability caused by NTF cleavage (Figure 4, E and G-1),
indicates that CTT is necessary for the increase in Ca** permeability following NTF cleavage. Support-
ing that NTF cleavage in PC1 alters ion permeability/selectivity in PC1/PC2 heteromers, we found that
the sCTF/PC2 heteromers have reduced permeability to tetraethylammonium (TEA) (Supplemental
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Figure 4. Removal of N-terminus of PC1 at GPS site increases Ca** permeability of the heterotetramer. (A) Schematic illustration of the sPC1. xlgG: k IgG
light chain signal peptide; Flag, Flag antibody epitope tag; NTF, N-terminal fragment; CTF, C-terminal fragment; CTT, intracellular C-terminal tail. Cleavage
at GPS site (G-protein coupled-receptor domain proteolytic site) results in NTF and CTF. NTF contains multiple adhesion domains for protein and carbo-
hydrate interaction and a partial GAIN domain sequence before GPS. CTF contains stalk peptide region, 11 transmembrane domains, and the C-terminal
tail (CTT). The enlarged region shows GAIN domain (GPCR auto-proteolysis inducing, blue) that contains GPS and stalk peptide (yellow). Full-length PC1 is
4,303 amino acids; NTF is 3,048 amino acids; CTF is 1,255 amino acids; CTT is ~186 amino acids. Not drawn to scale. (B) Scheme of sPC1 deletion construc-
tions used. (C-G) Representative I-V curves for PC2 alone or with different sPC1 deletion constructs recorded in bath solution containing (in mM) 100 NaCl
(black), 100 KCl (green), 100 CaCl, (red), or 100 NMDG-CI (blue). Selected regions of |-V curves are enlarged to show reversal potentials. Reversal poten-

tial shifts from CaCl, to NaCl [labeled A(E_-E, )] and to KCI [A(E_-E,)] are shown. In E, red arrows indicate that Ca** entry through heteromers leads to
increased inward current size and show that Ca%-activated Cl- current contributes to increases in outward current size (E versus other panels). TMEM16A
channel inhibitor, T1I6A(inh)-A01 (10 uM), does not cause complete inhibition of endogenous Ca?-activated CI- currents. (H and I) The relative permeability
of Ca* versus Na* (PCE/PNE) and Ca* versus K* (PEEIPK) were calculated from potential shifts upon switching extracellular solution. Individual n numbers for
each group are shown in Supplemental Table 1. *P < 0.001, **P < 0.002, ***P < 0.01, by 2-tailed unpaired Student’s t test.

Figure 1). For comparison, PC2 homomers and sPC1/PC2 heteromers have significantly higher per-
meability to TEA.

External application of the stalk peptide increases Ca’* permeability in stalkless N-terminus—cleaved heteromer-
ic channel. To further support the hypothesis that the stalk peptide is important for activating PC1/PC2
heteromers, we examined the effect of synthetic stalk peptides on Ca** permeability in sSCTF.Astalk/PC2.
Oocytes expressing the heteromers were incubated in a solution containing 0, 30, 100, or 300 nM of stalk
peptide for 4 hours and tested for relative Ca?* versus Na* permeability. Compared with control without
peptide, treatment with stalk peptide ranging from 30 to 300 nM caused dose-dependent increases in Ca*
permeability in heteromers containing stalkless N-terminus—cleaved PC1 (Figure 5A). In separate exper-
iment, we showed that effect of stalk peptide to increase Ca?" permeability occurred within 10 minutes
after application. The effect of stalk peptide is mediated by PC1, as the maximal concentration of stalk
peptide (300 nM) had no effect on oocytes expressing PC2 alone (Figure 5B) nor on heteromers consisting
of stalkless CTF with an additional CTT deletion (Figure 5C). The requirement for CTT in increasing Ca**
permeability by stalk peptide was demonstrated in Figure 4, G-I.

Wnit9B plays a role in increasing Ca’* permeability, which requires PC1 N-terminus cleavage. After autocata-
lytic cleavage at GPS site, NTF remains attached to CTF noncovalently (55). Release of the noncovalently
attached NTF is important for complete biological function of PC1 (48, 56, 57). Wnt9B has been shown
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Figure 5. External application of stalk peptide increases Ca** permeability of heteromeric channel formed by PC2
and stalkless sCTF. (A) Top: oocytes expressing sCTF.Astalk/PC2 were incubated with synthetic stalk peptide at 0, 30,
100, or 300 nM for 4 hours. The 21-amino acid peptide corresponds to residues 3049-TAFGASLFVPPSHVRFVFPEP-3069
of human PC1. Bottom left: F'Ea/PNa was calculated based on reversal potential shift between 100 mM EaCI2 and 100

mM NaCl. Data are shown as mean + SEM. P < 0.0001 by 1-way ANOVA.; n=7,5, 3, and 12 for 0, 30, 100, and 300 nM,
respectively, of stalk. Bottom right: time course of stalk peptide (300 nM) on increases in Pe./Py.r (B and C) No effect of
stalk peptide (300 nM) on PC2 alone (n = 5 and 8 for 0 and 300 nM peptide) (B) or sCTF.Astalk.ACTT/PC2 (n=5and 6
for 0 and 300 nM peptide) (C). Two-tailed unpaired Student’s t test for B and C. In all panels, experimental number (n)
is number of oocytes as shown by scatter plots. All experiments were repeated 2 or more times with similar results.

to interact with PC1 NTF (58). Here, we tested the hypothesis that Wnt9B is involved in the release of
NTEF, thereby increasing the Ca?* permeability of PC1/PC2 heteromers. Wnt9B is a secreted protein that
undergoes posttranslational lipidation and tends to aggregate in the absence of natural binding proteins or
carriers (59, 60). We expressed Wnt9B in serum albumin-containing media (with albumin acting as a car-
rier) and purified in the detergent CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
hydrate) (Supplemental Figure 2). The activity of the purified Wnt9B was validated by its ability to activate
the canonical Wnt signaling pathway in HEK293T cells. HEK293T cells possess an intact Wnt/f-catenin
signaling pathway that responses to canonical Wnt ligands by preventing B-catenin degradation, leading
to its accumulation. Western blot analysis showed that HEK293T cells treated with Wnt9B for 16 hours
resulted in elevated B-catenin levels (Supplemental Figure 3).

When oocytes expressing sSPC1/PC2 heteromers were incubated with Wnt9B at 50 or 150 nM, there
was an increase in Ca?* permeability compared with controls treated with vehicle buffer (Figure 6A). The
N-terminal flag-tag in the sSPC1 does not contribute to the effect by Wnt9B, as removing the tag did not alter
the results (Figure 6A). Wnt9B had no effects on oocytes coexpressing PC2 and a NTF cleavage-resistant
mutant PC1.T3049V (threonine-3049 to valine) (Figure 6B), supporting the notion that NTF cleavage is
required. Wnt9B had no effects on oocytes expressing PC2 alone (Figure 6C), indicating the increases in
Ca?* permeability is dependent on PC1. Finally, Wnt9B did not increase Ca?* permeability in oocytes coex-
pressing stalkless CTF with PC2 (Figure 6D), indicating that the effect requires NTF and is not mediated
by interactions with other regions of PC1, such as pore loop. To confirm that Wnt9B is a PC1 ligand, we
showed that it interacted with PC1 leucine-rich repeat (LRR) in pull-down assays (Figure 6E). In addition,
incubation with purified LRR fusion protein blocked the ability of Wnt9B to increase Ca’" permeability
(Figure 6F), further supporting the role of Wnt9B-LRR binding in the process. Supporting the hypothesis
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that Wnt9B promotes the release of cleaved NTF, incubating oocytes expressing sPC1/PC2 with Wnt9B
resulted in the appearance of a ~51 kDa protein band in the culture medium (Figure 6F). The effect is
dose-dependent, with 300 nM Wnt9B treatment causing significantly more release of the ~51 kDa NTF
fragment compared with 100 nM (Supplemental Figure 4A). Release of this fragment occurred as early
as 0.5 hours after incubation with 300 nM Wnt9B. The abundance of the NTF fragment was less after 16
hours compared with 0.5 hours after incubation, suggesting that degradation of the fragment likely occurs
in the medium over the time period.

In parallel, we also examined changes in Ca?* permeability of the heteromeric channel complex follow-
ing Wnt9B treatment for 0.5 and 16 hours. Despite a detectable release of NTF fragment in the medium,
we found that Ca?* permeability was not increased after 0.5 hour treatment with Wnt9B (Supplemental
Figure 4B). A significant increase in P /P ratio was evident after 16 hours of treatment. Immediately
after NTF release, the stalk peptide may not be exposed in the correct position to function as a tethered
agonist. Alternatively, the stalk peptide may need to involve other regions or adopt certain conformational
changes. These questions will be investigated in future studies. Western blotting by anti-HA antibody and
peptide sequencing revealed that the fragment represents a smaller fragment of released NTF that contains
the N-terminal HA tag, LRR, and CTL domains of PC1 (Figure 6E and Supplemental Figure 5).

Ca?* permeation through PC1/PC2 heteromeric channels at physiological Ca?* concentration. Experiments using
100 mM extracellular Ca?* demonstrated that NTF cleavage increases Ca** permeability in PC1/PC2 het-
eromers (Figure 4, Figure 5, Figure 6). Here, we examined the hypothesis at the physiological extracellular
Ca?* levels. The low surface/cytosol ratio in large cells like oocytes poses a technical challenge for using
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fluorescence Ca** imaging as a tool to detect small Ca?" influx. The existence of other conductive pathways
and the lack of specific inhibitor for PC1/PC2 confound the reliability of reversal potential shift measure-
ment induced by the small 2 mM physiological [Ca?*]. A common feature of Ca**-permeable channels is the
inhibition of monovalent cation current by extracellular Ca?* (61), which is known as anomalous mole frac-
tion effect (AME). This effect occurs because Ca?* permeation through the pore blocks the passage of other
monovalent cations. Thus, when the magnitude of Ca?* currents carried by permeating Ca** ions is smaller
than the reduction in monovalent cation currents, the total currents decrease in the presence of Ca?*. As
illustrated in Figure 7A, at zero or low Ca’* concentration, Na* ions (I ) permeate through Ca**-permeable
channels (point 0). With increased Ca** permeation through the pore (shown as I ), either through higher
external Ca?* concentrations or enhanced Ca?* permeability, Na* current is reduced, such that the total cur-
rent (I ) decreases (point “1” and “2”). As Ca** concentration or permeability increase further, total current
I, increases when I, exceeds Al (point “3”).

As expected from the low Ca*" to Na* permeability ratio and the principle of AME, physiological extra-
cellular Ca?* concentration inhibits Na* current through PC2 (41). We utilized the AME property to examine
Ca?* permeation in PC1/PC2 heteromers in the physiological Ca** concentration. As shown, addition of 2
mM Ca** to a bath containing 100 mM Na* inhibited the currents in PC1/PC2 heteromers (Figure 7, B and
C). Consistent with our notion that NTF cleavage increases Ca** permeation through heteromers (Figure 7A),
addition of 2 mM Ca?* caused a bigger inhibition of current in sCTF/PC2 (Figure 7, B and C). The percent-
age inhibition of inward as well as outward current were both increased for sCFT/PC2 than for sPC1/PC2
(Figure 7D), suggesting that Ca** permeation through the pore blocks Na* permeation in both directions. Of
note, although the macroscopic Ca’* currents (I, ) through sCTF/PC2 at 2 mM external Ca** were too small
to be detected by 2-electrode voltage clamp here, these currents were evident at 100 mM Ca?* (Figure 4E).

Ca’*-mediated inhibition of monovalent cation current is not due to intracellular Ca’*-mediated inactivation.
Ca’*-dependent inactivation occurs in some Ca?*-permeable channels, serving to limit rises in intracellular
[Ca?*] and prevent Ca?* overload (62, 63). The effect of intracellular Ca** on PC2 Na* currents has been
reported to be multiphasic, with a bell-shaped relationship. Increasing intracellular Ca** ([Ca**]) up to ~10
uM increases PC2 activity positive-cooperatively, but higher concentration result in inhibition (37, 41). To
support that inhibition of Na* current by 2 mM Ca?* is due to AME rather than intracellular Ca?* feedback,
it is important to assess whether Ca**-dependent inactivation contributes to current inhibition by external
Ca? under our experimental setting. We first tested it by expressing calbindin-1 (Calbl), a calcium-bind-
ing protein, to buffer the intracellular Ca?*. Expression of Calbl had no effect on endogenous current in
vehicle-injected oocytes but increased both inward and outward currents in oocytes expressing PC2 (Figure
8A). Importantly, Calbl did not affect the inhibition of PC2-mediated current caused by extracellular Ca?*
(Figure 8, B and C), suggesting that intracellular Ca?* feedback does not contribute to the inhibition.

To ensure that lack of effect by Calb1 is not due to slow Ca?* buffering, we tested the effect of a kinet-
ically fast-acting calcium chelator BAPTA-AM (64). Pretreatment of PC2 expressing oocytes with 1-30
uM BAPTA-AM (for 2 hours) resulted in increase in the basal current (i.e., 0 extracellular Ca?*), while
pretreatment with higher concentration of BAPTA-AM at 100 uM led to a decrease in current (Figure 9A).
Importantly, as with Calbl, presence of fast buffer BAPTA-AM did not affect external Ca**-mediated inhi-
bition of current (Figure 9, A and B), further supporting that extracellular Ca**-induced inhibition of Na*
current through PC2 is not due to increases in local intracellular Ca?*, which exert feedback inhibition on
the channel. Our results also confirm previous reports of biphasic regulation on PC2 by intracellular Ca?*,
although it does not contribute to the external Ca?* inhibition under our experimental setting.

Discussion

PKDI and PKD?2 genes were identified about 3 decades ago. The functions of PC1 and PC2 and how they
exert anticystogenic effects remain unclear. Progress has been partially hampered by the lack of simple
heterologous expression system to reconstitute polycystin channel function. So far, the channel function
of WT PC2 has been studied by patch-clamp recordings on cell membrane, primary cilium, and on recon-
stituted lipid bilayer recordings (33, 41, 4547, 49-53). Several studies have examined GOF mutant PC2
in oocytes (42, 54). While channel activity of WT PC2 was difficult to be detected by electrophysiology,
Wang et al. observed calcium uptake in oocytes coexpressing WT PC1 and PC2 using calcium-45 isotope
(42). In the present study, we unequivocally demonstrate that WT PC2 exhibits functional currents in
Xenopus oocytes when expressed for a longer time course than is typically used in most studies. The PC2
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Figure 7. PC1 N-terminal cleavage enhances extracellular Ca* inhibition of Na* current through heteromeric sPC1/

PC2 channels. (A) lllustration of anomalous mole fraction effect. Total current (black trace, I ) is the sum of Na*

current (green, INa) and Ca? current (red, IEE). (B) Representative I-V curve of currents in oocytes expressing sPC1/PC2 or
sCTF/PC2 in 100 mM NaCl bath with 0 or 2 mM external Ca%. (C) Mean + SEM of inward and outward currents at -100
and 100 mV for experiments shown in B. n = 5-8 for each group as shown by scattered plots. *P < 0.05. (D) Percentage
inhibition of inward and outward currents by 2 mM external Ca* from experiments in C. Two-tailed unpaired Student’s
t test for C and D. All experiments were repeated 2 or more times with similar results.

currents in oocytes, recorded by 2-electrode voltage clamp, share fundamentally comparable properties
with those recorded on the primary cilium. Importantly, WT and GOF PC2 differ in their biophysical
properties and regulation, raising questions about the reliability of GOF PC2 as a readout for activation
of PC2 activity in vivo.

Biochemical and structural studies suggest that PC1 and PC2 may form heteromeric complexes. The
ability to express functional WT PC2 currents in oocytes allows us to demonstrate that they form com-
plexes with functionalities. Coexpression with PC1 increases PC1/PC2 heteromeric channel currents by
increasing PC2 cell surface expression. Ha et al. also observed increase in PC2 surface expression in HEK
cells with PC1 coexpression but did not detect functional currents (48). PC1 and PC2 physically interact
through a coiled-coil interaction at the intracellular C-terminus (65). More recent cryo-EM studies reveal
that the truncated transmembrane domains of PC1 and PC2 form presumably nonfunctional hetero-te-
tramers in 1:3 stoichiometry (30). In the present study, we find that PC1/PC2 form heteromers with differ-
ent biophysical properties from PC2 homomers, evident by an increase in the relative K* to Na* permeabil-
ity (P./P) and a decrease in the outward rectification. Moreover, mutations in PC1 putative pore-lining
residues convert PC1 into a dominant-negative subunit. These results support the notion that both PC1 and
PC2 contribute to forming the pore.

PC1 forms heteromers with PC2 in ER soon after protein synthesis. PC1 undergoes N-terminus cleav-
age at GPS sites to generate NTF and CTF fragments (Figure 10). Formation of heteromers is important
for NTF cleavage (57, 66, 67). The cleaved NTF remains noncovalently attached to CTF/PC2 complexes.
NTF cleavage is important for the exit of PC1/PC2 from ER-Golgi en route to their destined membrane
sites, including the primary cilium and the cell membrane (57, 68). PC1 shares structural features with
adhesion GPCRs. Like adhesion GPCRs, the stalk region exposed after autocatalysis and the release of
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NTF is postulated to act as a tethered agonist to activate PC1-CTF (44). Recently, Pawnikar et al. provid-
ed support for this hypothesis (26, 27). They showed that HEK cells expressing engineered stalkless PC1
alone exhibited reduced NFAT-luciferase reporter activity, which could be stimulated by synthetic stalk
peptide applied extracellularly. Computational modeling by the authors suggested that tethered stalk-me-
diated activation may involve stalk-TOP (tetragonal opening for polycystins) domain-pore loop interac-
tion to increase PC1-CTF signaling. A previous study showed that a 222 amino acid intracellular CTT of
PC1 activates the NFAT reporter (26). However, whether stalk-dependent activation of the NFAT reporter
observed by Pawnikar et al. involves the 222 amino acid CTT has not been tested. In the present study, we
show that PC1 and PC2 form functional heteromeric channels and that the tethered stalk activates the het-
eromers. Interestingly, the activation requires the presence of the last 186 amino acids in the C-terminus.
Furthermore, we confirm that Wnt9B is a ligand that activates the heteromers. Thus, PC1 and PC2 form
bona fide receptor-channel complexes. An early study reported that Wnt9B interacts with LRR domain
of PC1 and increases Ca?" influx in HEK cells expressing PC1/PC2 (58). In the present study, we show
that the PC1 stalk region is both necessary and sufficient to increase Ca?* permeability in heteromers.
Autocleavage and tethering of cleaved NTF to CTF/PC2 in oocytes expressing PC1 and PC2 have been
demonstrated by Wang et al. (42). Here, we provide direct evidence that Wnt9B interaction with the
NTF promotes its release and increases Ca®* permeability in the PC1/PC2 heteromers. Thus, Wnt9B,
by promoting the release of the tethered cleaved NTF, exposes the stalk region to function as a tethered
agonist. Whether the stalk peptide acts through interaction with the TOP domain and the pore loop as
proposed by Pawnikar et al. remains to be investigated. We have attempted to investigate whether the
stalk domain-TOP interaction as reported by Pawnikar et al. (26, 27) may be involved in the increases in
Ca?" permeability we observed. Pawnikar et al. reported that electrostatic interactions between Asp-3072
in the stalk domain and Arg-3891 in the TOP domain and between Arg-3848 in the TOP and Glu-4078
in the pore loop are important for stalk-TOP-pore loop interaction to regulate PC1-mediated intracellular
signaling (26, 27). They found that charge neutralization of respective residues decreases the signaling. In
contrast, we observed that mutations of these residues increased Ca** permeability (Supplemental Table
2). There are 2 important factors to consider when comparing ours and their results. First, point mutation
itself may alter protein structure beyond the intended effect of charge neutralization. Second, the study by
Pawnikar et al. (26, 27) focuses on PCl-mediated intracellular signaling, whereas our studies investigate
PC1/PC2 heteromultimers.

Wnt9B is a secreted protein that regulates kidney tubule morphogenesis (69), which overlaps with
some aspects of PC1 function in development (70). The cellular signaling of Wnt proteins is mediated
through canonical Wnt/f-catenin signaling pathway, the noncanonical planar cell polarity pathway, or
via intracellular Ca** signaling (71). Our study suggests that 1 action of Wnt9B in tubular morphogenesis
may involve the release of tethered cleaved NTF from CTF/PC2 complexes to activate a Ca?* signaling
cascade. The overwhelming abundance of PC2 over PC1 suggests that polycystins exist in at least 2 dif-
ferent populations in the ER: PC1/PC2 heteromers and PC2 homomers. Our findings suggest that these 2
populations may have different roles. For example, PC2 is important for PC1-CTT cleavage (72, 73), and
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Figure 9. Effect of BAPTA-AM on PC2 current and external Ca**-induced current inhibition. (A) Oocytes injected with vehicle or PC2 mRNA were incubated
with BAPTA-AM at the indicated concentration for 2 hours before recording currents in 100 mM NaCl bath solution with 0 or 2 mM external Ca%. Mean + SEM

of inward and outward currents at -100 and 100 mV are shown. n = 3-5 for each group as shown by scattered plots. P = 0.0002 by 1-way ANOVA. (B) Percentage
inhibition of inward and outward currents by 2 mM external Ca* in vehicle or PC2-injected oocytes at indicated BAPTA-AM concentration. P = 0.09 by 1-way
ANOVA for both, not statistically different for inhibition of either inward or outward current. All experiments were repeated 2 or more times with similar results.

mitochondria translocation of cleaved CTT plays a significant role in PC1 function (74). Ca?* permeation
through ER-localized PC1/PC2 may elevate local cytosolic [Ca?*] around the heteromers to regulate the
cleavage and translocation of CTT through the ER-mitochondria contact. The N-terminus of PC1 contains
multiple domains for protein and carbohydrate interactions. NTF-attached CTF/PC2 complexes are pres-
ent in the primary cilium, on apical and basolateral membrane, as well as in the ER. Carbohydrates and
protein components present in urine, cell-cell, and cell-basement membrane junctions may serve as external
ligands that activate PC1/PC2 receptor-channel complexes. One such example is the basement membrane
component laminin-511, which interacts with PC1-LRR (75). Additionally, shear stress from urinary flow
or tension across cell to cell, or cell to matrix, may also contribute to the activation.

Structural studies of PC2 reveal 2 narrow regions within ion permeation pathway that serve as gates
(76). One is the selectivity filter, defined by amino acids 641-LGD-643 (leucine-glycine-aspartate), which
is stabilized by a preceding pore helix-1 (PH1) and a following pore helix-2 (PH2). Together, the PH1-se-
lectivity filter-PH2 region forms the pore loop that connects the fifth (S5) and sixth (S6) transmembrane
segment. Leucine-677 and arginine-681, located on the more distal part of S6 segment, protrude their side
chains into the ion permeation pathway, serving as a lower gate. Wang et al. reported that mutating both
leucine-677 and arginine-681 resides to alanine (LNAA) results in a constitutive-active GOF PC2 channel
by widening the lower gate (42). Like WT PC2 homomers, LNAA-PC2 homomers are more selective for
K* than Ca?. Wang et al. further showed that formation of PC1 and LNAA-PC2 heteromeric channels
increases Ca*" permeability and that N-terminus cleavage is not necessary for this increases. Our present
results using WT PC1 and PC2 show different results. We show that formation of WT PC1/PC2 hetero-
meric channels does not, by itself, lead to increased Ca?* permeability. Rather, NTF cleavage is necessary
to increase Ca?" permeability in PC1/PC2 heteromers. The discrepancy between our results and report
by Wang et al. (42) likely reflects the 2 different PC2 constructs (WT versus GOF-PC2) used, respectively.
Based on our results and the literature, we propose a working model for activation of receptor-channel
complexes (Figure 10). In this model, PC1 N-terminal ligands bind and facilitate NTF release to expose the
stalk peptide to act as a tethered agonist on PC1 TOP domain. This, in turn, interacts with the pore loop
of PC1 to activate PC1/PC2 heteromers. LNAA mutation in PC2 induces conformational changes in the
selectivity filter of tetramers in a manner recapitulated by the effect of the stalk peptide. The intracellular
C-terminus of PC1 affects the selectivity filter through the S6 pore helix.

PC2 channels recorded on primary cilia exhibit a permeability order of K* > Na* > Ca?* (41). A similar
order has been reported for GOF PC2 expressed in oocytes (42, 54). We observed the same sequence of
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of PC1is illustrated in the model. Shear stress may promote detachment of the noncovalently bound NTF under certain conditions (48), though this is not
sufficient by itself in our experimental setting, where oocytes were subject to continuous shaking on a platform shaker for 7 days after mRNA injection.

order for WT PC2 in our study. The relative permeability of K* over Ca** (P, /P ) between these studies
are slightly different. P, /P recorded on primary cilia has been reported as 10:1 to 40:1 (41, 49). The
P,/P_, in our study is ~8:1. The cryo-EM structure reveals that TM domains of PC1 and PC2, without
intracellular termini, coassemble to form asymmetric heteromers in a 1:3 stoichiometry (30). In this struc-
ture, PC1 lacks the typical pore loop composed of PH1-selectivity filter-PH2, as seen in PC2. Instead, the
N-terminal end of eleventh TM segment, which is equivalent to S6 of PC2, called Sé6a, forms the selectivity
filter with PH1. The pore region of heterotetrameric channels consists of one S6a from PCI1 and three
PHIs from PC2 subunits. Given this asymmetry, it is interesting to note that the relative permeability
ratio between PC2 homomeric channels and PC1/PC2 heteromeric channels in our study does not differ
dramatically. We found only a slight increase in P /P for PC1/PC2 heteromers compared with PC2
homomers (1.34 £0.04 versus 1.24 +0.01; Figure 2H). Importantly, NTF cleavage leads to an increase in
P. /P and P /P.

Our current results indicate that full-length PC1 and PC2 with intact intracellular termini can form
functional channels. Moreover, deleting the last 186 amino acids (aa 4,118-43,03) of the PC1 C-termi-
nus prevents the stalk peptide from increasing Ca*" permeability in sSCTF/PC2 heteromers. These results
support the notion that the intracellular C-terminus of PC1 is necessary to maintain the correct structure
of the conducting pathway and influence ion permeation through the pore. The NTF also affects the pore
structure. PC2 homomers and sPC1/PC2 heteromers have significant permeability to the large inorganic
molecule TEA (molecular size, ~130 kDa). Heteromers consisting of NTF-cleaved sCTF and PC2 have
reduced TEA permeability. The overall structural implications of these results remain unclear but support
the notion that NTF cleavage affects the pore structure of sPC1/PC2 heteromeric channels, directly or
indirectly through conformational changes.

In conclusion, we show that PC1 and PC2 form functional receptor-channel complexes and confirm
that Wnt9B is an activator ligand for the complexes. Mechanistically, external ligands activate the complex-
es by facilitating the release of cleaved, tethered N-terminus of PC1, thereby exposing the stalk domain to
activate heteromeric channel. The activation leads to increased Ca?* permeation, which can result in global
or local increases in intracellular Ca?* level. Future studies will include structure-function of the complexes,

identification of additional ligands, and further elucidation of the regulatory mechanism. Our results pro-
vide proof of principle for therapeutic strategies targeting PKDI N-terminal mutations by direct targeting
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of downstream regions, such as TOP domain. Finally, it should be cautioned that our experiments were
performed on heterologous expression system. The implication of our results in vivo and in diseased states
such as ADPKD remains to be investigated.

Methods

Supplemental Methods are available online with this article.

Sex as a biological variant. Female Xenopus were used for harvesting oocytes for expression of PC1 and/
or PC2 channels.

Statistics. Data are presented as mean = SEM. Experimental » number (number of oocytes) is illustrated
by scatter plot. Statistical comparisons between two groups of data were performed using 2-tailed unpaired
Student’s ¢ test. Multiple comparisons were done using 1-way ANOVA followed by Sidak’s or Tukey’s mul-
tiple comparison tests. Electrophysiological data were analyzed using Clampfit 10.7 (Molecular Devices). P
values of less than 0.05 were considered significant. Statistical analyses used in each experiment were also
indicated in figure legends.

Study approval. All experimental procedures were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals (National Academies Press, 2011) and were approved by the IACUC at the
University of Iowa Carver College of Medicine.

Data availability. All data associated with this study are available in the Supporting Data Values file.

Author contributions

RW, DI, MA, and BP designed the study, conducted the experiments, analyzed the data, and participated in
writing the paper. JX and CLH supervised the project. RW wrote the initial draft and CLH wrote the final
paper. All authors approved the final version of the submitted manuscript.

Acknowledgments

‘We thank Alan Yu and Julie Xia Zhou (University of Kansas Medical Center, Kansas City, Kansas, USA)
for PKD plasmids, Thoms Carroll (UT Southwestern Medical Center, Dallas, Texas, USA) for Wnt9B plas-
mid. This work was supported, in part, by philanthropic gifts from Jared and Carol Hills.

Address correspondence to: Chou-Long Huang, University of Iowa Carver College of Medicine, 200 Haw-
kins Drive, E300 GH, Iowa City, lowa 52242-1081, USA. Email: chou-long-huang@uiowa.edu.

—_

. Shaw C, et al. Epidemiology of patients in England and Wales with autosomal dominant polycystic kidney disease and end-
stage renal failure. Nephrol Dial Transplant. 2014;29(10):1910-1918.
. Hughes J, et al. The polycystic kidney disease 1 (PKD1) gene encodes a novel protein with multiple cell recognition domains.
Nat Genet. 1995;10(2):151-160.
. Mochizuki T, et al. PKD2, a gene for polycystic kidney disease that encodes an integral membrane protein. Science.
1996;272(5266):1339-1342.
. Rossetti S, et al. Comprehensive molecular diagnostics in autosomal dominant polycystic kidney disease. J Am Soc Nephrol.
2007;18(7):2143-2160.
. Gallagher AR, et al. Molecular advances in autosomal dominant polycystic kidney disease. Adv Chronic Kidney Dis.
2010;17(2):118-130.
Chebib FT, et al. Vasopressin and disruption of calcium signalling in polycystic kidney disease. Nat Rev Nephrol. 2015;11(8):451-464.
Lemos FO, Ehrlich BE. Polycystin and calcium signaling in cell death and survival. Cell Calcium. 2018;69:37-45.
.Lu W, et al. Perinatal lethality with kidney and pancreas defects in mice with a targetted Pkd1 mutation. Nat Genet.
1997;17(2):179-181.
9. Kim UK, et al. Novel mutations of the PKD1 gene in Korean patients with autosomal dominant polycystic kidney disease.
Mutat Res. 2000;432(1-2):39-45.
10. Pennekamp P, et al. The ion channel polycystin-2 is required for left-right axis determination in mice. Curr Biol.
2002;12(11):938-943.
. Qian F, et al. The molecular basis of focal cyst formation in human autosomal dominant polycystic kidney disease type I. Cell.
1996;87(6):979-987.
12. Brasier JL, Henske EP. Loss of the polycystic kidney disease (PKD1) region of chromosome 16p13 in renal cyst cells supports a
loss-of-function model for cyst pathogenesis. J Clin Invest. 1997,99(2):194-199.
13. Watnick TJ, et al. Somatic mutation in individual liver cysts supports a two-hit model of cystogenesis in autosomal dominant
polycystic kidney disease. Mol Cell. 1998;2(2):247-251.
14. Wu G, et al. Somatic inactivation of Pkd2 results in polycystic kidney disease. Cell. 1998;93(2):177-188.
15. Pei Y, et al. Somatic PKDD2 mutations in individual kidney and liver cysts support a “two-hit” model of cystogenesis in type 2
autosomal dominant polycystic kidney disease. J Am Soc Nephrol. 1999;10(7):1524-1529.

IS8

w

'S

w

o

% N

1

—_

JCl Insight 2025;10(19):e185186 https://doi.org/10.1172/jci.insight.185186 15



16.
17.

18.

20.
. Criollo A, et al. Polycystin-2-dependent control of cardiomyocyte autophagy. J Mol Cell Cardiol. 2018;118:110-121.
22.

2

—_

2

w

24.

2

w

26.

217.

2

o

29.
30.

3

—_

32.

33.

34.

35.

36.

37.
38.

39.
40.

4

_

42.

43.

44.
45.

46.

47.

48.
49.

50.

5

—

52.

53.

5

S

55.

RESEARCH ARTICLE

Wu G, et al. Cardiac defects and renal failure in mice with targeted mutations in Pkd2. Nat Genet. 2000;24(1):75-78.
Yamaguchi T, et al. Calcium restores a normal proliferation phenotype in human polycystic kidney disease epithelial cells. J Am
Soc Nephrol. 2006;17(1):178-187.

Ahrabi AK, et al. PKD1 haploinsufficiency causes a syndrome of inappropriate antidiuresis in mice. J Am Soc Nephrol.
2007;18(6):1740-1753.

. Distefano G, et al. Polycystin-1 regulates extracellular signal-regulated kinase-dependent phosphorylation of tuberin to control

cell size through mTOR and its downstream effectors S6K and 4EBP1. Mol Cell Biol. 2009;29(9):2359-2371.
Rees S, et al. Adenylyl cyclase 6 deficiency ameliorates polycystic kidney disease. J Am Soc Nephrol. 2014;25(2):232-237.

Di Mise A, et al. Activation of calcium-sensing receptor increases intracellular calcium and decreases CAMP and mTOR in
PKD1 deficient cells. Sci Rep. 2018;8(1):5704.

. Margaria JP, et al. The PI3K/Akt/mTOR pathway in polycystic kidney disease: a complex interaction with polycystins and

primary cilium. Cell Signal. 2020;66:109468.
Di Mise A, et al. Pre-clinical evaluation of dual targeting of the GPCRs CaSR and V2R as therapeutic strategy for autosomal
dominant polycystic kidney disease. FASEB J. 2021;35(10):e21874.

. Leuenroth SJ, et al. Triptolide is a traditional Chinese medicine-derived inhibitor of polycystic kidney disease. Proc Natl Acad Sci

US A.2007;104(11):4389-4394.

Pawnikar S, et al. Mechanism of tethered agonist-mediated signaling by polycystin-1. Proc Natl Acad Sci U S A.
2022;119(19):€2113786119.

Pawnikar S, et al. Activation of polycystin-1 signaling by binding of stalk-derived peptide agonists. Elife. 2024;13:RP95992.

. Clapham DE, et al. International union of pharmacology. XLIX. Nomenclature and structure-function relationships of tran-

sient receptor potential channels. Pharmacol Rev. 2005;57(4):427-450.
Qamar S, et al. TRP channels and kidney disease: lessons from polycystic kidney disease. Biochem Soc Trans. 2007;35(pt 1):124-128.
Su Q, et al. Structure of the human PKD1-PKD2 complex. Science. 2018;361(6406):eaat9819.

. Nauli SM, et al. Polycystins 1 and 2 mediate mechanosensation in the primary cilium of kidney cells. Nar Genet.

2003;33(2):129-137.

Xu C, et al. Human ADPKD primary cyst epithelial cells with a novel, single codon deletion in the PKD1 gene exhibit defective
ciliary polycystin localization and loss of flow-induced Ca2+ signaling. Am J Physiol Renal Physiol. 2007;292(3):F930-F945.
LiY, et al. Polycystin 2 interacts with type I inositol 1,4,5-trisphosphate receptor to modulate intracellular Ca2+ signaling. J Biol
Chem. 2005;280(50):41298-41306.

Mekahli D, et al. Polycystin-1 and polycystin-2 are both required to amplify inositol-trisphosphate-induced Ca2+ release. Cel/
Calcium. 2012;51(6):452-458.

Anyatonwu GI, et al. Regulation of ryanodine receptor-dependent calcium signaling by polycystin-2. Proc Natl Acad Sci U S A.
2007;104(15):6454-6459.

Geng L, et al. Syntaxin 5 regulates the endoplasmic reticulum channel-release properties of polycystin-2. Proc Natl Acad Sci U S A.
2008;105(41):15920-15925.

Koulen P, et al. Polycystin-2 is an intracellular calcium release channel. Nat Cell Biol. 2002;4(3):191-197.

Di Mise A, et al. Activation of the calcium-sensing receptor corrects the impaired mitochondrial energy status observed in renal
polycystin-1 knockdown cells modeling autosomal dominant polycystic kidney disease. Front Mol Biosci. 2018;5:77.

Cabrita I, et al. Loss of PKD1 and PKD2 share common effects on intracellular Ca?* signaling. Cell Calcium. 2021;97(2+):102413.
Dong K, et al. Renal plasticity revealed through reversal of polycystic kidney disease in mice. Nat Genet. 2021;53(12):1649-1663.

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

2018;7:€33183.

‘Wang Z, et al. The ion channel function of polycystin-1 in the polycystin-1/polycystin-2 complex. EMBO Rep.
2019;20(11):e48336.

Padhy B, et al. Channel function of polycystin-2 in the endoplasmic reticulum protects against autosomal dominant polycystic
kidney disease. J Am Soc Nephrol. 2022;33(8):1501-1516.

Maser RL, et al. The GPCR properties of polycystin-1- a new paradigm. Front Mol Biosci. 2022;9:1035507.

Gonzalez-Perrett S, et al. Polycystin-2, the protein mutated in autosomal dominant polycystic kidney disease (ADPKD), is a
Ca2+-permeable nonselective cation channel. Proc Natl Acad Sci U S A. 2001;98(3):1182-1187.

Cai 'y, et al. Calcium dependence of polycystin-2 channel activity is modulated by phosphorylation at Ser812. J Biol Chem.
2004;279(19):19987-19995.

Kleene SJ, Kleene NK. The native TRPP2-dependent channel of murine renal primary cilia. Am J Physiol Renal Physiol.
2017;312(1):F96-F108.

Ha K, et al. The heteromeric PC-1/PC-2 polycystin complex is activated by the PC-1 N-terminus. Elife. 2020;9:e60684.
Kleene SJ, Kleene NK. Inward Ca?* current through the polycystin-2-dependent channels of renal primary cilia. Am J Physiol
Renal Physiol. 2021;320(6):F1165-F1173.

DeCaen PG, et al. Direct recording and molecular identification of the calcium channel of primary cilia. Nature.
2013;504(7479):315-318.

.LuoY, et al. Native polycystin 2 functions as a plasma membrane Ca2+-permeable cation channel in renal epithelia. Mol Cell

Biol. 2003;23(7):2600-2607.

Ma R, et al. PKD?2 functions as an epidermal growth factor-activated plasma membrane channel. Mo/ Cell Biol.
2005;25(18):8285-8298.

Bai CX, et al. Activation of TRPP2 through mDial-dependent voltage gating. EMBO J. 2008;27(9):1345-1356.

. Arif Pavel M, et al. Function and regulation of TRPP2 ion channel revealed by a gain-of-function mutant. Proc Natl Acad Sci U S A.

2016;113(17):E2363-E2372.
Qian F, et al. Cleavage of polycystin-1 requires the receptor for egg jelly domain and is disrupted by human autosomal-domi-
nant polycystic kidney disease 1-associated mutations. Proc Natl Acad Sci U S A. 2002;99(26):16981-16986.

JCl Insight 2025;10(19):e185186 https://doi.org/10.1172/jci.insight.185186 16



56.

57.

58.
59.

60.

6

—

62.
63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

75.

76.

RESEARCH ARTICLE

Yu S, et al. Essential role of cleavage of Polycystin-1 at G protein-coupled receptor proteolytic site for kidney tubular structure.
Proc Natl Acad Sci U S A. 2007;104(47):18688-18693.

Chapin HC, et al. Polycystin-1 surface localization is stimulated by polycystin-2 and cleavage at the G protein-coupled receptor
proteolytic site. Mol Biol Cell. 2010;21(24):4338-4348.

Kim S, et al. The polycystin complex mediates Wnt/Ca(2+) signalling. Nat Cell Biol. 2016;18(7):752-764.

Mihara E, et al. Active and water-soluble form of lipidated Wnt protein is maintained by a serum glycoprotein afamin/a-albumin.
Elife. 2016;5:e11621.

Tuysuz N, et al. Lipid-mediated Wnt protein stabilization enables serum-free culture of human organ stem cells. Nat Commun.
2017;8:14578.

. Gillespie D, Boda D. The anomalous mole fraction effect in calcium channels: a measure of preferential selectivity. Biophys J.

2008;95(6):2658-2672.

Imredy JP, Yue DT. Mechanism of Ca(2+)-sensitive inactivation of L-type Ca2+ channels. Neuron. 1994;12(6):1301-1318.

Cens T, et al. Voltage and calcium use the same molecular determinants to inactivate calcium channels. J Biol Chem.
1999;274(9):5483-5490.

Naraghi M, Neher E. Linearized buffered Ca2+ diffusion in microdomains and its implications for calculation of [Ca2+] at the
mouth of a calcium channel. J Neurosci. 1997;17(18):6961-6973.

Qian F, et al. PKD1 interacts with PKD2 through a probable coiled-coil domain. Nat Genet. 1997;16(2):179-183.

Merrick D, et al. Polycystin-1 cleavage and the regulation of transcriptional pathways. Pediatr Nephrol. 2014;29(4):505-511.
Gainullin VG, et al. Polycystin-1 maturation requires polycystin-2 in a dose-dependent manner. J Clin Invest. 2015;125(2):607-620.
Kim H, et al. Ciliary membrane proteins traffic through the Golgi via a Rabepl/GGA1/Arl3-dependent mechanism. Nat Commun.
2014;5:5482.

Karner CM, et al. Wnt9b signaling regulates planar cell polarity and kidney tubule morphogenesis. Nat Genet. 2009;41(7):793-799.
Luyten A, et al. Aberrant regulation of planar cell polarity in polycystic kidney disease. J Am Soc Nephrol. 2010;21(9):1521-1532.
Hayat R, et al. Wnt signaling pathway: a comprehensive review. Cell Biol Int. 2022;46(6):863-877.

Bertuccio CA, Caplan MJ. Polycystin-1C terminus cleavage and its relation with polycystin-2, two proteins involved in polycys-
tic kidney disease. Medicina (B Aires). 2013;73(2):155-162.

Bertuccio CA, et al. Polycystin-1 C-terminal cleavage is modulated by polycystin-2 expression. J Biol Chem.
2009;284(31):21011-21026.

Lin CC, et al. A cleavage product of Polycystin-1 is a mitochondrial matrix protein that affects mitochondria morphology and
function when heterologously expressed. Sci Rep. 2018;8(1):2743.

Padhy B, et al. Leucine-rich repeat in polycystin-1 suppresses cystogenesis in a zebrafish (Danio rerio) model of autosomal-dom-
inant polycystic kidney disease. Int J Mol Sci. 2024;25(5):2886.

Shen PS, et al. The structure of the polycystic kidney disease channel PKD?2 in lipid nanodiscs. Cell. 2016;167(3):763-773.

JCl Insight 2025;10(19):e185186 https://doi.org/10.1172/jci.insight.185186 17



	Graphical abstract

