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The human genome contains approximately 800 G protein-coupled receptors
(GPCRs), all characterized by a common 7-transmembrane domain archi-
tecture. Here, we show that PKDI, an 11-transmembrane protein with a non-
canonical transient receptor potential (TRP) channel architecture, functions as
a GPCR with unique biochemical properties. PKD1 acts as a WNT-activated
receptor, directly coupling to heterotrimeric Ga;;.5 subunits to inhibit cellular
cAMP accumulation. While PKD1 contains both ligand-binding and G protein
recruitment sites, PKD2, an associating TRP channel subunit, chaperones PKD1

to the plasma membrane to operate as a GPCR. This represents a striking
departure from classical GPCR architecture and expands the functional
repertoire of the TRP channel family. Given that mutations in either PKD1 or
PKD2 are linked to autosomal dominant polycystic kidney disease, a multi-
systemic disorder marked by elevated cAMP levels, our results provide
molecular insights into disease pathogenesis and highlight potential new
therapeutic avenues for this debilitating and costly condition.

Vertebrate genomes contain ~-1000G protein-coupled receptors
(GPCRs), forming the largest class of cell surface receptors mediating a
plethora of cellular functions. All known GPCRs have a structural sig-
nature consisting of a 7-transmembrane (TM) domain flanked by an
extracellular N-terminal segment and an intracellular C-terminal tail.
Coupling of these receptors to a diverse group of heterotrimeric G
proteins leads to the generation of second messengers, such as sig-
naling lipids, Ca**, and cAMP, that initiate a complex array of cellular
responses'™.

Autosomal dominant polycystic kidney disease (ADPKD), a mul-
tisystemic genetic disease affecting roughly 12.5 million people
worldwide*®, has been mechanistically linked to altered cAMP
metabolism®®. ADPKD is caused by heterozygous germline mutations
in PKD1 and PKD2 genes'®"2. PKD1 is a large (-500 kDa) integral mem-
brane protein with 11 membrane-spanning segments®, an extensive
extracellular N-terminal fragment, and an intracellular C-terminal tail*.

PKD2 (-130 kDa) spans the membrane 6 times and belongs to the
transient receptor potential (TRP) ion channel superfamily". PKD1
and PKD2 assemble to form a heteromeric complex with a non-
canonical “TRP” channel architecture’ for which the function has not
been clearly defined. A unique and paradoxical feature of the PKD1/
PKD2 complex is that the side chains of three positively-charged resi-
dues of PKD1 protrude into the ionic pore of PKD2, rendering it unli-
kely to conduct Ca** and other cations. Thus, while these subunits do
assume a TRP-like pore architecture, their function as a cation-
permeable channel complex is unsettled.

Evidence accumulated over 30 years has shown that cells derived
from ADPKD patients have abnormally high cytosolic cAMP levels®™®
and an aberrant response to cAMPY, which is critical for disease
development. Deletion of phosphodiesterase 1 and 3 family members
(Pdela, Pdelc, and Pde3a) aggravate PKD'®, and pharmacologic inhi-
bition of PDE4 promotes cystogenesis in mouse PkdI-null embryonic
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kidneys”. Conversely, pharmacologic and genetic manipulations to
lower cAMP suppress cyst progression and improve renal function®* %,
These studies culminated in the identification of Tolvaptan, which
serves as the only FDA-approved agent for the treatment of ADPKD**%,
Tolvaptan is a potent antagonist of the vasopressin 2 receptor®®, which
is coupled to the heterotrimeric Gog subunit, leading to cAMP pro-
duction. Whilst the use of Tolvaptan is limited to a subset of ADPKD
patients due to side effects, these studies collectively suggest that
elevated cellular cAMP concentration is a driver of cystogenesis in
ADPKD. However, as the molecular function(s) of PKD1 and PKD2
remain elusive, a major knowledge gap is the mechanisms by which
PKD1 and/or PKD2 keep cytosolic levels of cAMP in check.

Fragmented evidence suggests that PKD1 may function as an
atypical GPCR?. Indirect support for the function of PKDI as a GPCR
comes from the presence of a GPCR-autoproteolysis-inducing (GAIN)
domain in its ectodomain, a defining feature of cell adhesion
GPCRs?®%, However, there is no evidence linking autoproteolysis to
cAMP regulation. Independent biochemical studies show that several
Ga subunits can directly bind the C-terminal tail of PKDI**?, and a
naturally occurring PKD1 mutation (L4132A) within a predicted G
protein-binding motif leads to severe cystic disease®. Finally, func-
tional studies using various cell culture heterologous systems® ™, a
mouse model*®, or the Xenopus pronephric model system support the
role of PKD1 in GPCR-mediated signaling®. However, direct evidence
that PKD1 functions as a GPCR in response to a specific ligand in any
system is lacking. Combined with the fact that PKD1 lacks the typical
“7-TM” signature architecture of classical GPCRs, these knowledge
gaps have left the questions open of whether PKD1 is truly a GPCR and,
if so, how this function is linked to cellular cAMP levels.

Results

Activation of PKD1 by WNT ligands induces Ga-Gfy dissociation
We have shown previously that WNT-9B functions as the activating
ligand of PKDI in a signaling pathway determining kidney tubular
diameter during renal development®. Disruption of this pathway
results in the failure of developing tubules to achieve and maintain the
proper tubular diameter, leading to cystogenesis*®*'. Here, we sought
to determine whether PKD1 mediates heterotrimeric G protein acti-
vation in response to WNT-9B. Activated GPCRs promote the exchange
of GDP for GTP on Ga subunits, followed by the dissociation of Ga-GTP
and free GPBy'. To assess PKDl-mediated Ga-GRy dissociation, we
employed a set of bioluminescence resonance energy transfer (BRET)-
based G protein activity sensors (G-CASE) covering all four major G
protein families*. These sensors comprise Ga, GB, and Gy on a single
plasmid, with Ga subunits tagged with the luminescent donor, Nano-
Luciferase (Nluc), and Gy subunits N-terminally labeled with circularly
permuted Venus (cpVenus'”) to serve as the acceptor fluorophore
(Fig. 1a). We conducted ABRET time courses for six of the available G
protein sensors in human embryonic kidney (HEK) 293 T cells tran-
siently co-transfected with the different biosensors and PKD1
(Fig. 1b-g). Kinetic analysis covered a time span of 10 min, 1 min before
and 9 min after stimulation with 1pg/ml (30 nM) WNT-9B or vehicle
control. WNT-9B did not induce the dissociation of Ga, or Goys (Fig. 1b,
¢). However, WNT-9B induced PKD1-mediated dissociation of Gag and
Gayy.3, with the largest response seen for Gais (Fig. 1d-h). The ECsq for
WNT-9B was 405.6 ng/ml (11 nM) (Fig. 1i), which was consistent with
the estimated ECso of WNT-9B binding to extracellular fragments of
PKD1* and channel activation*’. The magnitude of PKD1-mediated Ga;3
activation by WNT-9B was comparable to the magnitude of responses
elicited by the activation of known GPCRs, such as the muscarinic
acetylcholine receptor M1 (MIR) and calcium-sensing receptor (CaSR)
using G-CASE sensors (Supplementary Fig. 1a, b). Cell surface expres-
sion of PKD1 was confirmed using a BRET-based saturation assay;
human PKD1 C-terminally-tagged with Nluc (PKD1-Nluc) was titrated
with increasing concentrations of a HaloTag-fused cell surface marker

bearing the RAS CAAX motif** (Supplementary Fig. 1c). Specificity of
this interaction is indicated by saturable binding (Supplementary
Fig. 1d). Live-cell imaging verified expression of PKD1-eGFP at the cell
surface, as seen by co-localization with HaloTag-fused CAAX (Supple-
mentary Fig. le).

Next, we determined if G protein selectivity differs in response to
various WNT family members, as we have shown that in addition to
WNT-9B, WNT-5A and WNT-3A bind the extracellular domain of
PKD1*. These experiments offered a unique opportunity to compare
(a) canonical/B-catenin dependent (WNT-3A), (b) noncanonical/f-
catenin independent (WNT-5A), and (c) mixed (both canonical and
noncanonical, i.e., WNT-9B) pathway activating WNTs. Similarly to
WNT-9B, neither WNT-5A nor WNT-3A stimulated coupling between
PKD1 and Go;s or Goys (Fig. 1b, c). PKD1-Ga selectivity in response to
WNT specificity is demonstrated by the reduction in the rate of Gay,
Gay;, and Gay, dissociation from Gy induced by WNT-3A compared to
other WNTs. WNT-3A induced slower dissociation of these subunits
compared to WNT-5A and WNT-9B (Fig. 1d-f, h). Maximal dissociation
of Gaiyz was seen with all three WNT ligands (Fig. 1g, h). The slower Gog
dissociation by WNT-3A compared to the other two WNTSs raises the
possibility that ligand binding specificity, perhaps by involving differ-
ent subdomains in the extracellular domain of PKD1 and/or co-recep-
tors, determines selectivity in heterotrimeric G protein coupling. The
overall BRET response and relative PKD1-mediated dissociation rates
of all six Ga subunits in response to three WNT ligands are shown in the
heat map diagrams (Fig. 1h).

FZD6 has been shown to couple to Gag and Go; subunits in
response to WNT activation®, thus, we sought to determine whether
FZD6 and possibly other FZDs endogenously present in HEK293T cells
could account for PKDI-induced Ga;3-CASE activation in response to
WNT-9B. ZNRF3 is an E3 ubiquitin ligase that constitutively clears FZDs
and LRP6 from the cell surface*®. Co-expression of ZNRF3 and PKD1 did
not affect the magnitude or kinetics of WNT-9B-induced Go;z dis-
sociation from Gy, indicating that endogenous FZDs could not
account for the activation of the Gai3-CASE sensor by PKD1 (Supple-
mentary Fig. 1g). The functionality of ZNRF3 was confirmed by its
effect on overexpressed FZDé-induced activation of Ga;s-CASE (Sup-
plementary Fig. 1h). To provide additional evidence for the preference
of PKD1 towards Gay; we determined the effect of G protein signaling
modulator 1 (GPSM1), which functions as a Gays-specific guanine
nucleotide dissociation inhibitor*’, on WNT-9B-induced dissociation of
Gaiz via PKD1. Co-expression of GPSM1 suppressed PKD1-mediated
Gayz dissociation in response to WNT-9B (Supplementary Fig. 1i).
Altogether, these data suggested that WNT ligands induce the dis-
sociation of Gaii.3 and Goyg, but not Gos or Gays subunits from GPy via
PKDL1. These effects do not seem to involve endogenous FZD receptors
and LRP6 co-receptors in transiently transfected HEK293T cells.

WNTs did not induce significant Ga dissociation for any of the six
subtypes in mock (sensor only)-transfected cells in response to WNT
ligands (<5% drop in normalized BRET, Supplementary Fig. 1f) 48 h
following transfection or 24 h post-seeding onto 96-well plates. How-
ever, 72 h after transfection or 48 h post-seeding, cells showed higher
activity (up to 20% drop in normalized BRET) in response to WNT-9B in
the absence of transfected PKD1 (Fig. 1j), perhaps by allowing more
time to recover endogenous PKD1 from trypsinization after replating.
We took advantage of this high signal-to-noise BRET ratio under these
conditions to test whether endogenous PKD1 contributed to the WNT-
induced activation of Gajs. We knocked out human PKDI1 using a
combination of 3 human PKD1-specific sgRNAs and tested for WNT-9B-
induced reduction of the Ga;3-CASE sensor activity 72h following
transfections (Fig. 1j). Knockout efficiency was quantitatively deter-
mined (95%) on PKDI-Nluc 72h following transfection (Fig. 1k).
Knockout of endogenous PKD1 led to a reduction in normalized BRET
compared to sensor-only-transfected cells in response to WNT-9B. To
confirm that this effect was PKD1-specific, we added back mouse PKD1,
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Fig. 1| Activation of PKD1 by WNT ligands induces Ga-GBy dissociation.

a Schematic representation of the G-CASE BRET assay setup. Created in BioRender.
Tsiokas, L. (2026) https://BioRender.com/5plmc32. b-g ABRET time courses of
G-CASE BRET sensors upon WNT-9B, WNT-5A, or WNT-3A addition (1 pg/ml,

time = 0 min). h Heat map representation of the area under curve (AUC, left panel)
and rate constants [k (min™), right panel] determined from the data shown in (b-g).
WNT-induced kinetics were analyzed with a plateau followed by one phase dis-
sociation equation. i Ligand dose-response curve for Ga;3-CASE, plotted as the
maximum ABRET (%) determined within 6 min following WNT-9B stimulation in the
kinetic experiments. The curve was fit using a nonlinear three-parameter model.
Jj ABRET time course of Gay3-CASE in HEK293T cells transiently transfected with

pcDNA3 (Control, gray), CRISPR human PKD1 KO #1-3 (PKD1¥°, red), mouse wild-
type PKD1 (PKD1"", blue), or PKD1%° + PKD1"" (purple). Cells were stimulated with
WNT-9B (1 pg/ml, time = 0 min). Statistical significance was assessed by one-way
ANOVA using Tukey’s post-hoc test for multiple comparisons. k Quantification of
PKDI-dependent luminescence to assess PKD1 knockout efficiency in HEK293T-
cells transiently transfected with PKD1-Nluc alone (Control), and with different
CRISPR human PKD1 KO constructs (PKD1¥°#, PKDI1¥° #2, PKD1*° #3, combined
PKD1%°#3), Measurements were conducted 72 hours post-transfection (j and k).
Data are represented as mean + SEM of n =3 (b-i), n =5 (j), or n =4 (k) experimental
replicates.
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Fig. 2| Mutations in PKD1 disrupt WNT-induced Ga;-GPy dissociation. a Cartoon
diagram of PKD1 showing the location (indicated by arrows) mutated in tested
constructs (S991, W139C, T3049V, L4132A, and S4213X). Created in BioRender.
Tsiokas, L. (2026) https://BioRender.com/5plmc32. ABRET time course (left trace)
and corresponding AUC (right bar graph) for wild-type (WT) and mutant PKD1 in

response to WNT-9B (1 pg/ml, time = 0 min) using Gao;- (b), Ga,- (), and Go3-CASE
(d) sensors. Data are represented as mean + SEM of n =3 experimental replicates
(b-d). Statistical significance was assessed by one-way ANOVA using Dunnett’s post
hoc test for multiple comparisons.

whichis resistant to knockout by any of the 3 sgRNAs used to inactivate
human PKD1. Mouse PKD1 rescued the effect of human PKD1 knockout
(Fig. 1j, red versus purple). These data reveal an essential role of
endogenous PKD1 in the WNT-9B-induced activation of Gas.

To further confirm the specificity of our results and obtain
mechanistic insights of how PKD1 functions as a WNT-activated GPCR,
we tested the effects of several PKD1 mutations (Fig. 2a) on Goyy.3
dissociation from Gy in response to WNT-9B (Fig. 2b-d). S991 is a
pathogenic mutant that compromises PKD1 cell surface expression®”,
and thus, it should reduce receptor function. Indeed, expression of
PKD1-S99I failed to induce Ga-GPy dissociation. Similar results were
obtained with W139C, also a pathogenic mutation located within the
WNT-9B binding site. A similar effect was seen by the L4132A mutation,
which contains a pathogenic in-frame deletion of L4132 localized
within a predicted G protein-binding domain in the C-terminal tail of
PKD1*% Interestingly, the T3409V mutation, which renders PKD1
unable to undergo GAIN-mediated autoproteolysis®, led to an
approximately 50% reduction in heterotrimeric G protein signaling
(Go3-CASE, Fig. 2d). This result is consistent with the hypomorphic
function of this mutation in mice”. Finally, the longest known patho-
genic mutation, S4213X, truncates PKD1 by deleting the majority of its
cytosolic C-terminal tail, including the coiled-coil domain essential for
interaction with PKD2, and resulted in complete loss of receptor
function. Expression levels of mutants in transiently transfected
HEK293T cells are shown in Supplementary Fig. 2. Altogether, these
data agree with in vivo effects, supporting a biological role of PKD1 as a
WNT-activated GPCR.

Next, we wanted to assess the mechanism of G protein coupling
selectivity for PKD1 and compare this with the mechanism of canonical
GPCRs. In the conventional mechanism of G protein activation, the
distal portion of the Ga C-terminal alpha helix engages the TM

domains of the receptor during coupling (Fig. 3a, ¢)***°. We designed
chimeras for Ga,-CASE and Ga;3-CASE, in which the 16 final C-terminal
amino acids were exchanged with that of the other (Fig. 3b, d) and
conducted BRET assays as described previously to determine whether
the Ga C-terminus is a key component of coupling selectivity for PKD1
in response to WNT-9B (Fig. 3e). As expected, the exchange of the Gas
C-terminus for that of Go (Gai3.s) led to a reduction in the maximum
response compared to the wild-type Ga;s. Interestingly, the Gos to Gas
C-terminal swap (Gas.j3) only resulted in a partial gain of function. A
range of G protein sensor concentrations were tested to account for
possible expression issues, yet the maximum response was still seen
using the same concentration as the wild-type sensor (Supplementary
Fig. 3a). We also confirmed these results were PKD1-specific, as sensor-
only-transfected cells did not produce any response upon WNT sti-
mulation (Supplementary Fig. 3b, c). In contrast to PKD1, Ga;-coupled
CaSR and Gas-coupled beta-2 adrenergic receptor (3,AR) each showed
a complete exchange in coupling selectivity correlating with the swap
in Ga C-terminal motif (Fig. 3f, g), validating the functionality of the
chimeras. Compared to the CaSR and [,AR, our results for PKD1
indicate that the Ga C-terminus contributes only partially to selective
coupling and suggests additional/multiple interactions between PKD1
and the G protein may dictate selectivity. Thus, the mechanisms dic-
tating G protein coupling selectivity of PKD1 is likely different from
traditional 7-TM containing GPCRs.

WNT-9B induces the recruitment of Ga subunits to PKD1 and
Go-GDP to Ga-GTP exchange

A hallmark of heterotrimeric G protein activation downstream of a
GPCR is the exchange of GDP for GTP on Ga subunits following the
recruitment of Ga subunits to the receptor'. Thus, we sought to
determine whether PKD1 and Ga;;.3 and Gog subunits are recruited to
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Fig. 3 | Assessment of the mechanism of G protein coupling selectivity

for PKD1. a Active state of the CaSR receptor coupled to heterotrimeric Gais
(purple), GB (light blue), and Gy (light green). Assembled using PDB code 8SZH, and
the extracellular domain of CaSR was removed for simplicity. b Depiction of the
Gais.s chimera in which the C-terminal 16 amino acid region of Ga;; (purple) within
the a5 helix is swapped with that of Gos (dark blue). ¢ Active state of the B,AR
receptor coupled to heterotrimeric Gas (dark blue), GB (light blue), and Gy (light

green). Assembled using PDB 3SNé6. d Depiction of the Gas.i3 chimera in which the
C-terminal 16 amino acid region of Ga, (dark blue) within the aS helix is swapped
with that of Gay; (purple). ABRET time courses for Gas- and Gas-CASE wild type or
chimera sensors with PKDI (e), CaSR (f), or B,AR (g) following agonist stimulation
(time = 0 min). Data are represented as mean + SEM of n =3 experimental repli-
cates (e-g).

PKD1 in response to WNT-9B activation. In this series of experiments,
we used PKDI-Nluc and YFP-tagged Gag and Gaiy.3 subunits (Fig. 4a).
Saturation experiments revealed saturable and thus specific interac-
tions between PKD1 and Gag or Gay.3 subunits (Fig. 4b-e), and in
response to WNT-9B, these subunits are recruited to PKDI in a time-
dependent manner (Fig. 4f-i). To determine whether WNT-9B induces
a PKD1-dependent Ga-GDP to Ga-GTP exchange, we employed a col-
lection of biosensors (ONE-GO sensors) to measure G protein
activation® (Fig. 4a). WNT-9B induced GDP to GTP exchange on Gog
and Gay;-3 subunits (Fig. 4j—-m), but not Gos or Goys (Supplementary
Fig. 4a, b). Altogether, these results are in complete agreement with
results obtained using G-CASE biosensors, further supporting the
hypothesis that PKD1 is directly coupled to heterotrimeric G protein
signaling for a selective subset of Ga subunits.

PKD2 enables PKD1 to function as a GPCR

PKD2 is endogenously expressed at detectable levels in HEK293T host
cells (Supplementary Fig. 5a), which could influence the functional
expression of PKD1 as a GPCR. Thus, we inactivated the endogenous
PKD2 gene via CRISPR/Cas9-mediated genome editing in these cells
using a doxycycline-inducible Cas9 vector (Supplementary Fig. 5a, lane
4). The efficiency of the PKD2-specific CRISPR construct was confirmed
on transfected human PKD2 (Supplementary Fig. 5b, lane 4). Inacti-
vation of human PKD2 led to the loss of PKDI1 receptor function,
indicating that endogenous PKD2 was essential for the receptor
function of PKD1 in HEK293T cells (Fig. 5a and Supplementary
Figs. 5c and 4, gray versus red). The functional dependence of PKD1 on
endogenous PKD2 was also tested in a previously characterized clone
of mouse inner medullary collecting duct (mIMCD-3) cells (Fig. 5b, gray
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Fig. 4| WNT-9B induces the recruitment of Ga subunits to PKD1 and Ga;-GDP to
GTP exchange. a Schematic representation of the PKD1-Nluc and Ga-YFP BRET
assay (left panel) and ONE-GO BRET assay (right panel). Created in BioRender.
Tsiokas, L. (2026) https://BioRender.com/5plmc32. Ga-YFP was titrated with a fixed
amount of PKD1-Nluc to assess WNT-independent basal recruitment of Gayg- (b),
Gai- (€), Gaip- (d), and Gais3-YFP (e) to PKD1. BRET time-courses for PKD1-Nluc and

Gog- (), Gayr- (g), Gaip- (h), and Gas-YFP (i) in response to WNT-9B (1 pg/ml,
time =0 min). ABRET time courses for Gag (j), Gaiz (K), Goyz (1), and Gayz (m) ONE-
GO BRET sensors in the presence or absence of PKD1 upon WNT-9B addition (1 pg/
ml, time = 0 min). Data are represented as mean + SEM of n =4 (b-e) and n =3 (f-m)
experimental replicates.

versus red), in which endogenous Pkd2 has been permanently
inactivated®. Therefore, the requirement of endogenous PKD2 for the
functional expression of PKD1 as a GPCR is demonstrated in two dif-
ferent cell lines.

To gain insight into the mechanism by which PKD2 supported the
receptor function of PKD1, we used the following PKD2 variants: D511V

(or D509V in mouse PKD2), E442G (mouse PKD2), W201A (or W199A in
mouse PKD2), and F604P (or F602P in the mouse). The D509V muta-
tion compromises PKD2 channel activity and impairs maturation and
targeting of PKD1 to the plasma membrane®. W199A reduces channel
activity of PKD2%*, whereas F602P increases PKD2 channel activity™.
Finally, E442G does not affect channel function but impairs PKD2

Nature Communications | (2026)17:3233


https://BioRender.com/5p1mc32
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69932-w

<0.0001

<0.0001

a 0.8317 b 0.0223
0.0121 0.0091
Go,3-CASE + PKD1 (HEK293T) <0.0001 Ga3-CASE + PKD1 (mIMCD-3) | —
2 0.0001 0.4566
~ Control —~ KO+E442G 3 B
<0.0001_0.9924 - Control = Control+La 0.0010
10 o WT = harwron 200mcgc! 10~ KO <~ KOswW201A o
1+ KO+WT - KO+W199A 0.0001 >0.9999 05827  0.7572
— KO+F602P M - KOWWT — Ko+Feo4P 1 1
X 04 X
l—
W -10- m
5 5
<1 -20- Q
Time (min)
[ PKD1-eGFP HT-CAAX e

W201A E442G D509V WT

F604P

PKD1-eGFP PKD2-HT

trafficking to the primary cilium®®. Homozygous Pkd2™* (E442G) mice
show a strong PKD phenotype, indistinguishable from that produced
by complete Pkdl or Pkd2 deletion®. Adding back PKD2-E442G or
PKD2-D509V in PKD2-null cells failed to restore PKD1 activity (Fig. 5a,
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d). As expected, PKD2-D509V did not drive expression of PKD1-eGFP to
the plasma membrane (Fig. 5¢c, D509V panels). Interestingly, PKD2-
E442G also failed to target PKD1-eGFP to the plasma membrane
(Fig. 5c, E442G panels). PKD1-Nluc co-localization with HaloTag-CAAX
determined by BRET quantifiably supports live-cell imaging data

(Fig. 5e). Notably, overexpression of wild-type PKD2 increased overall
levels of PKD1 (Fig. Se and Supplementary Fig. 2), possibly via protein-
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Fig. 5| PKD2 enables PKD1 to function as a GPCR. a ABRET time course for Gays-
CASE (left trace) and summary data (AUC, right bar graph) for HEK293T cells co-
transfected with PKD1 and pcDNA3 (control, gray), CRISPR human PKD2 KO alone
(KO, red) or KO in combination with mouse wild-type PKD2 (KO + WT, orange),
PKD2-E442G (KO + E442G, blue), PKD2-D509V (KO + D509V, green), PKD2-W199A
(KO +W199A, purple), or PKD2-F602P (KO + F602P, yellow). Cells were stimulated
with WNT-9B (1 pg/ml, time = 0 min). b ABRET time course (left panel) and sum-
mary data (AUC, right panel) for Gay;-CASE in mIMCD-3 cells. Ga;3-CASE and PKD1
were transiently transfected in wild-type mIMCD-3 cells and assessed either directly
in response to WNT-9B (Control, gray) or following pre-treatment with lanthanum
(Control+La®"). Pkd2-null mIMCD-3 cells were transiently transfected the Go3-CASE,
PKD1 and pcDNA3 (KO, red), or with human wild-type PKD2 (KO + WT, orange),
PKD2-W201A (KO + W20I1A, purple), or PKD2-F604P (KO + F604P, yellow). Cells
were stimulated with WNT-9B (2 pg/ml, time = 0 min). ¢ Subcellular co-localization
of C-terminally tagged mouse PKD1 with enhanced GFP (PKD1-eGFP, green) and
HaloTag-CAAX construct (HT-CAAX, red) in the presence of untagged wild-type

PKD2 (WT), PKD2-D509V (D509V), PKD2-E442G (E442G), PKD2-W201A (W201A), or
PKD2-F604P (F604P) in HEK293T cells. Scale bar: 10 um. d Co-localization of PKD1-
eGFP (green) and C-terminally HaloTag-labeled PKD2 (PKD2-HT, red). Arrows
indicate cell surface-expression of PKD1-eGFP and PKD2-HaloTag. Scale bar: 10 pum.
e Quantification of BRET (left panel) or PKD1-based luminescence (right panel) for
PKDI1-Nluc and HaloTag-CAAX in HEK293T cells co-transfected with pcDNA3
(Control, gray), CRISPR human PKD2 KO (KO, red), or KO in combination with
mouse PKD2-wildtype (KO + WT, orange) or PKD2-E442G (KO + E442G, blue). f Net
BRET between PKD1-Nluc and wild type PKD2-HaloTag (WT, orange) or PKD2-
E442G-HaloTag (E442G, blue). g Cartoon illustration to model the chaperone
activity of PKD2 in trafficking PKDL to the cell surface. Created in BioRender.
Tsiokas, L. (2026) https://BioRender.com/5plmc32. Data are represented as

mean +SEM of n=3 (a, b, e, f) experimental replicates. Statistical significance was
assessed by one-way ANOVA using Tukey’s post hoc test for multiple comparisons.
Live-cell imaging data (c, d) are shown as representative images from 3 indepen-
dent experiments.

protein-mediated stabilization, as has been shown using C-terminal
tails of PKD1 and PKD2%, PKD2-E442G showed reduced stabilization of
PKD1 compared to wild type (Fig. Se), implying that E442G may affect
PKD1/PKD2 assembly. The E442G mutation is located in the TOP
domain of PKD2, which forms a tetrameric structure with 4-fold sym-
metry in homomeric PKD2 complexes®® and a similar structure but
with a 15° deviation from 4-fold symmetry in the heteromeric PKD1/
PKD2 complex™. Since E442G did not impede channel function®, we
reasoned that it should not affect self-assembly but rather assembly
with PKDI1. As expected, BRET experiments showed highly efficient
energy transfer between wild-type PKDI1-Nluc and PKD2-HaloTag
(Fig. 5f). However, BRET was severely reduced by the E442G muta-
tion (PKD2-E442G-HaloTag), suggesting that E442G interferes with
PKD1/PKD2 complex assembly and thus fails to target PKDI1 to the
plasma membrane. Expression of human PKD2-W201A or human
PKD2-F604P in HEK293T cells did not affect PKD1 expression at the
plasma membrane (Fig. 5c, W201A and F604P panels). In agreement
with this finding, expression of mouse PKD2-W199A or mouse PKD2-
F602P in Pkd2-null HEK293T cells and human PKD2-W201A or human
PKD2-F604P in Pkd2-null mIMCD-3 cells did not impair Ga;3 dissocia-
tion from Gy in response to WNT-9B (Fig. 5a, b). Furthermore,
treatment of wild-type mIMCD-3 cells with La** which blocks cation
permeation of PKD1/PKD2*°, PKD2, or even structurally related PKD2-
L1°° did not have a significant effect on the GPCR function of PKD1
(Fig. 5b). Collectively, these data suggest that PKD2 enables PKD1 to
function as a GPCR by chaperoning it to the plasma membrane, inde-
pendently of its channel function (Fig. 5g). They further implicate the
loss of PKD1 GPCR function as an alternative mechanism underlying
the cystogenesis observed in Pkd2™* (E442G) mice”’.

PKD1-mediated Gail-3 activation inhibits cAMP accumulation

Gay.3 signaling leads to inhibition of cAMP accumulation (Fig. 6a).
Therefore, we tested whether overexpression of PKD1 can inhibit basal
or forskolin-induced cAMP accumulation in response to WNTs. We
employed GloSensor technology, a cAMP assay to monitor changes in
cytosolic cAMP levels in PKDI-transfected cells using two com-
plementary strategies: (i) cells were treated with a concentration of
forskolin close to its ECso (10°M) (Fig. 6b, c¢) and soluble WNTs were
added when cAMP had reached its half-maximal concentration
(Fig. 6¢). In strategy (ii), endpoint analysis was used whereby PKDI1-
transfected cells were pretreated overnight with pertussis toxin (PTX,
100 ng/ml) to block Gay;-5 signaling, then treated with forskolin in the
presence or absence of soluble WNTs for 10 min and cAMP levels
determined (Fig. 6d). Kinetic analysis showed that WNTs suppressed
the dynamic accumulation of cAMP via PKD1 (Fig. 6¢). WNT-3A had the
lowest effect (Fig. 6¢), which was consistent with the fact that it is most
efficiently coupled to Gay; (Fig. 1g, h), which shows lower endogenous
expression than Gay, in HEK293T cells (Supplementary Fig. 6a). Gay; is

practically undetectable in HEK293T cells (Supplementary Fig. 6a).
Similar results were obtained using the endpoint analysis, whereby
PTX suppressed WNT-induced inhibition of cAMP accumulation
(Fig. 6d). We next asked whether WNT ligands can lower basal (resting)
levels of cytosolic cAMP in the presence of PKD1. WNT-9B induced a
time-dependent reduction in cytosolic CAMP concentration in cells
transfected with PKD1 (Fig. 6e, left trace). A similar but smaller effect
was seen with WNT-5A or WNT-3A (Fig. 6e, center and right traces,
respectively). The PKDI1-mediated reduction in basal cAMP levels in
response to WNT-9B was approximately half of the response elicited
by the well-characterized muscarinic acetylcholine receptor M2 (M2R)
following activation with carbachol in HEK293T cells (Supplementary
Fig. 6b). Expression of pathogenic PKD1 mutants showed markedly
suppressed inhibition of steady-state cCAMP levels compared to wild-
type PKD1 (Fig. 6f). To determine whether PKD2 had an essential role in
WNT-induced inhibition of cAMP concentration via PKD1, we used our
endpoint analysis for cAMP in cells lacking endogenous PKD2 and cells
in which wild-type PKD2 was added back. These experiments support
the role of PKD2 in inhibiting forskolin-induced cAMP accumulation in
response to WNT-9B (Fig. 6g). We confirmed these results in wild-type
and Pkd2-null mIMCD-3 cells using the end-point analysis. WNT-9B
produced a significant reduction in forskolin-induced cAMP levels in
wild-type, but not in Pkd2-null cells (Fig. 6h). Interestingly, deletion of
Pkd2 did not affect resting cAMP levels. In summary, these data sug-
gest that Ga;..3 signaling mediated by WNT-induced activation of PKD1
is sufficient to reduce steady-state and forskolin-induced cAMP accu-
mulation, and this regulation is compromised in Pkd2-null
cells (Fig. 6i).

GRK6 promotes the internalization of PKD1 and suppresses
PKDI1-mediated signaling

Typically, GPCR signaling is regulated through the process of desen-
sitization, whereby G protein-coupled receptor kinases (GRKs) are
recruited to the activated receptor to phosphorylate specific sites,
“priming” the receptor for recruitment of beta-arrestins (ARRBs),
which signal receptor internalization and degradation or recycling.
Alternatively, GRK recruitment can initiate ARRB-dependent signaling
that is independent of Ga/Gy signaling. In either case, some intrinsic
affinity of the receptor for GRKs is needed to initiate desensitization
and/or ARRB-based signaling. Based on this, we tested whether PKD1 is
localized proximally to GRK2, GRK3, GRKS5, or GRK6. BRET experi-
ments using PKDI-Nluc and the different GRK subtypes fused to
HaloTag revealed saturable and specific recruitment of GRK2, GRKS,
and GRK6, but not GRK3 to PKDI1-Nluc (Fig. 7a-d). Interestingly, the
maximum BRET between PKD1 and GRK6 was increased upon over-
expression of PKD2, but to a lesser degree by overexpression of PKD2-
AC which lacks the C-terminal tail of PKD2 (Fig. 7d) and fails to target
PKD1-eGFP to the plasma membrane (Fig. 7f). The opposite effect was
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seen with GRK2 (Fig. 7c). Since GRK2 is expressed predominantly in the
cytoplasm, while GRK6 is anchored to the plasma membrane via pal-
mitoylation modifications in its C-terminus®, these data suggest that
PKD2 targets the PKD1/PKD2 complex to the plasma membrane where
the complex is then in proximity to GRK6. This interpretation is con-
sistent with the reduction in BRET between PKD1-Nluc and GRK2-
HaloTag in the presence of PKD2 (Fig. 7c). The PKD2-AC construct fails

Vehicle WNT-9B

to facilitate co-localization of PKD1 with GRK6 (Fig. 7e, lower panels)
because it does not target the complex to the cell surface. To deter-
mine whether GRK6 functionally affects PKD1 coupling to Go;z, we
tested whether it promotes internalization and negatively affects WNT-
induced PKD1 signaling. Overexpression of GRK6 did not affect overall
receptor levels (Fig. 7g, right bar graph) but did result in the reduction
of PKD1 from the cell surface (Fig. 7g, left bar graph) and WNT-induced
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Fig. 6 | PKD1-mediated Gaj;.; activation inhibits CAMP accumulation.

a Schematic of the GloSensor cAMP assay. Created in BioRender. Tsiokas, L. (2026)
https://BioRender.com/5plmc32. b Dose-response curve for forskolin-cAMP accu-
mulation detected by the pGloSensor-22F cAMP biosensor in HEK293T cells.

¢ Analysis of the PKD1-mediated effect on 1 pM forskolin (FSK)-induced time-
dependent cAMP accumulation in HEK293T cells. Time course of cAMP levels
before and following WNT stimulation (1 pg/ml, left panel) and summary data
depicting the changes in CAMP concentration (AcAMP) 10 min after treatment.

d Endpoint analysis of PKD1-mediated inhibition of cAMP in HEK293T cells treated
with different WNT ligands (1 pg/ml) followed by 1 uM FSK in the presence or
absence of 0.1 pg/ml pertussis toxin (PTX). e Kinetic analysis of PKD1-mediated
basal cAMP changes in response to 1 pg/ml of WNT-9B (left panel), WNT-5A (center
panel), or WNT-3A (right panel) at time = 0. f Time course (left trace) and summary

data (AUC, right bar graph), of basal cAMP changes mediated by wild type and
mutant PKD1 in response to WNT-9B (1 pg/ml, time = 0). g Endpoint analysis of
cAMP levels in HEK293T cells transiently transfected with pGloSensor-22F, PKD1,
and either pcDNA3 (Control, gray), CRISPR human PKD2 KO (KO, red), or PKD2 KO
+mouse wild type PKD2 (KO + WT, orange). h Endpoint analysis of cCAMP levels in
wild type (Control, gray) or stable PKD2 KO (KO, red) mIMCD-3 cells transiently
transfected with pGloSensor-22F and PKDL1. Cells were stimulated with 2 pg/ml
WNT-9B. i Diagrammatic representation of a model for the regulation of cytosolic
cAMP levels by PKD1/PKD2. In the model, regulation of cAMP levels is regulated via
a direct effect of WNT-activated PKD1/PKD2 on Ga;y.3 subunits. Created in BioR-
ender. Tsiokas, L. (2026) https://BioRender.com/5plmc32. Data are represented as
mean + SEM of n =3 (b-h) experimental replicates. Statistical significance was
assessed by one-way ANOVA using Tukey’s post hoc test for multiple comparisons.

PKD1-mediated Gay; dissociation from Gy (Fig. 7h, DMSO). Inhibition
of GRK6 activity using two different GRK6 inhibitors, GRK6-IN-1 or
GRK6-IN-2, for 1 h prior to WNT-9B activation partially reverted PKD1/
PKD2-mediated Gay; coupling in the presence of GRK6, indicating that
the kinase activity of GRK6 was essential for its effect on PKD1/PKD2
function (Fig. 7h). Given the short-term effect of GRK6 inhibition (1h
due to the toxicity of the inhibitors) on PKD1 internalization, we con-
sider the partial reversal on PKD1/PKD2 function significant.

ARRB2 functions downstream of GRK6 in mediating inter-
nalization of the PKD1/PKD2 complex

PKD1 has been shown to interact with ARRB2 via its Polycystin-1,
lipoxygenase, and a-toxin (PLAT) domain located in the intracellular
loop between the first and second TM domains®’. BRET saturation
assays confirmed specific binding of HaloTag-fused ARRB2, but not
ARRB], to C-terminally-tagged PKD1-Nluc (Fig. 8a, b). Kinetic analysis
revealed time-dependent recruitment of ARRB2-HaloTag to PKD1-Nluc
in response to WNT-9B, which was unaffected by overexpression of
PKD2 (Fig. 8c). However, time-dependent recruitment of ARRB2-
HaloTag to Nluc-tagged PKD2 (PKD2-Nluc) was found to be PKDI-
dependent (Fig. 8c), suggesting that recruitment of ARRB2 to PKD2 is
indirect via PKD1 and that ARRB2 is recruited to the PKD1/PKD2
complex. WNT-9B-induced recruitment of ARRB2-HaloTag to PKD1-
Nluc was reduced when cells were first incubated with GRK6 inhibitors,
supporting the role of endogenous of GRK6 in the recruitment of
ARRB2 to the PKD1/PKD2 complex (Fig. 8d).

To provide further evidence that the PKD1/PKD2 complex, rather
than PKD1 alone, is necessary for GPCR function at the plasma mem-
brane, we determined the kinetics for WNT-9B-induced internalization
of PKDI-Nluc and PKD2-Nluc from the plasma membrane and for
accumulation of these proteins in early endosomes. We reasoned that
if PKD2 has an initial chaperone function to deliver PKD1 to the cell
surface and then to dissociate from PKDI1 after successful delivery,
PKD2 would not show the same time-dependent internalization as
PKD1 in response to a ligand. Figure 8e-g shows that this is not the
case. Steady-state BRET measurements and super-resolution imaging
confirmed proximity and co-localization of PKD1-Nluc or PKD2-Nluc to
HaloTag-Rab5 and HaloTag-FYVEI (Fig. 8e and Supplementary Fig. 7),
which marks the early endosome. WNT-9B stimulation in BRET time-
course assays revealed similar kinetic profiles for PKD1-Nluc and PKD2-
Nluc for both internalization and accumulation in the early endosome
(Fig. 8f). The internalization of PKD1 in response to WNT-9B was
inhibited by barbadin, an ARRB inhibitor (Fig. 8g). These results indi-
cate that PKD2 remains associated with PKD1 during ligand activation
and both proteins move together to the early endosome following
activation (Fig. 8h).

Discussion
Collectively, our data show that PKD1 mediates outside-in signaling,
leading to the reduction of cAMP levels via direct coupling to G5

subunits in response to WNT ligands. PKD1-mediated activation of G
protein signaling is independent of FZD receptors and occurs imme-
diately after the addition of soluble WNTSs, representing the fastest
response of PKD1 to an activating event that we observed. PKD1 is the
first example of an integral membrane protein without the 7-TM pro-
tein domain of typical GPCRs that can be efficiently coupled to het-
erotrimeric G proteins.

Direct coupling of PKD1 to G protein signaling is supported by
three lines of complementary evidence: (a) WNT-induced PKD1-medi-
ated Ga-Gy dissociation detected by G-CASE sensors, (b) Ga-GDP to
Ga-GTP conversion detected by ONE-GO sensors, and (c) direct WNT-
induced Ga subunit recruitment to PKD1. While it has been speculated
that PKD1 may function as a GPCR?, this hypothesis has never been
tested directly in real time using full-length PKD1 activated in a ligand-
dependent manner. Our studies clearly show that this new role for
PKD1 is the case. Based on our previous studies, whereby soluble
ligands bind with high affinity to a short segment of the extracellular
domain of PKD1*, we propose that WNT ligands stabilize PKD1 in an
active conformation that allows it to interact with Gai.; and Goyg
subunits, leading to their activation.

Our data support the hypothesis that PKD2 assembles with PKD1
and facilitates its targeting to the plasma membrane, where they can
function together as a complex. The channel activity of PKD2 is not
required for the function of the complex as a GPCR. These conclusions
are supported by the following lines of evidence: (a) the D509/511V
PKD2 variant fails to target PKDI to the plasma membrane and does
not support its function as a GPCR, (b) E442G, which compromises
complex assembly has similar effects on targeting PKD1 to the cell
surface and GPCR function, (c) W199A/201 or F602/604 P, which
function diametrically opposite in regard to PKD2 channel activity, do
not affect PKD1/PKD2’s GPCR function, (d) pre-treatment the cells with
La*, a non-specific inhibitor of the cation permeation of PKD1/PKD2,
PKD2, or a structurally-related PKD2-L1 channel did not affect GPCR
function of PKD1, and (e) PKD1 or PKD2 follow the same time-
dependent removal from the cell surface and accumulation in the early
endosome in response to a WNT ligand. As only activated receptors
follow B-arrestin-mediated internalization, these data suggest that
PKD1 and PKD2 remain bound together during ligand activation. Given
that PKD2 does not directly interact with WNTs*’, the simpler con-
clusion is that the PKD1/PKD2 complex, rather than PKDI1 alone,
functions as a GPCR at the cell surface. Whether PKD2 has functions in
addition to its chaperoning function to modulate GPCR signaling at the
plasma membrane requires further work.

Previous work has shown that the C-terminal tail of PKD1 binds a
wide spectrum of G proteins with the exception of Goy3>**"%%, Knock-
down of Gaiy.3 and all Ga, homologs in Xenopus embryos leads to a
PKD phenotype®. Furthermore, exogenous expression of full-length
PKD1 or a 1,811 residue N-terminally truncated version activates Gai/o
proteins in freshly isolated sympathetic neuron cells”’. Overexpression
of PKD2, however, suppresses PKD1 coupling to Gay, proteins”.
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Fig. 7| GRK6 associates and promotes internalization of PKD1. GRK3- (a), GRKS-
(b), GRK2- (c), and GRK6-HaloTag (d) were titrated with a fixed amount of PKD1-
Nluc to assess basal recruitment to PKD1. Recruitment of GRK2- and GRKé6-HaloTag
was assessed in HEK293T cells co-transfected with pcDNA3 (- PKD2, cyan for GRK2-
HaloTag, blue for GRK6-HaloTag), wild-type PKD2 (WT, orange), or PKD2-AC (AC,
pink). e Co-localization of C-terminally tagged mouse PKD1 with enhanced GFP
(PKD1-eGFP, green) and GRKé6-HaloTag (red) in the presence of untagged wild type
PKD2 (WT, upper panels) or PKD2-AC (AC, lower panels) in HEK293T cells. f Co-
localization of PKD1-eGFP (green) and the HaloTag-CAAX construct (red) in the
presence of untagged wild-type PKD2 (WT, upper panels) or PKD2-AC (AC, lower
panels) in HEK293T cells. Arrows indicate cell surface-expression, scale bar: 10 um
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(e, f). g Quantification of BRET (left panel) and PKD1-based luminescence (right
panel) for PKD1-Nluc and HaloTag-CAAX in HEK293T cells co-transfected with
untagged GRK6 at varied concentrations. Statistical significance was assessed by
one-way ANOVA using Dunnett’s post hoc test for multiple comparisons. h ABRET
time courses for Gay;-CASE in HEK293T cells transiently co-transfected with PKD1
and pcDNA3 (- GRK6, gray square) or with untagged GRK6 (+GRK®6, blue circle).
Cells were pretreated with DMSO (left panel), GRK6-IN-1 (25 uM, center panel), and
GRK6-IN-2 (25 pM, right panel) for 1h before WNT-stimulation (1 pg/ml, time =0
min). Data are represented as mean + SEM of n=3 (a-d, g, h) experimental repli-
cates. Live-cell imaging data (e, f) are shown as representative images from 3
independent experiments.

Similarly, constitutive activation of the PKD2 channel in dorsal root
ganglia cells is suppressed by PKD1 overexpression®. It was suggested
that a critical balance of PKD1 and PKD2 is essential to maintain the
complex in an inactive or “silent” state, so that it can only be activated
by the appropriate stimulus®. Our data support and extend this model
in several respects: (1) both models converge to the point that PKD1
can activate Gq; proteins, (2) our model extends the previous model by
demonstrating that PKD1 directly activates Go; in response to an
activating ligand, in real-time, (3) our model incorporates an essential
role of endogenous PKD2 in the function of PKD1 as a GPCR, which was
not examined in the 2002 study®. (4) Both models support the

concept that a critical balance of PKD1 and PKD2 is needed to achieve
maximal GPCR activity. In the 2002 study, overexpression of
PKD2 suppressed the PKD1-mediated activation of Gay/, and in our
study, excessive expression of PKD2 did not fully rescue PKD1/PKD2
function in Pkd2-null HEK393T or mIMCD-3 cells, probably by
exceeding the threshold for the formation of functional complexes.
The concept of a critical threshold for a functional PKD1/PKD2 com-
plex formation is supported by in vivo experiments whereby trans-
genic mice overexpressing PKD1 or PKD2 show cystic disease®* .

We show that PKD1 is directly and selectively coupled to Ga;.3 and
Gag subunits, but not to Gas or Gaip/3, in response to WNT ligands.
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The coupling of Ga;1.3 and ensuing inhibition of cAMP accumulation is
extremely relevant to ADPKD, as abnormal cytosolic cAMP accumu-
lation and cAMP-dependent signaling are hallmarks of cystic cells
derived from ADPKD patients or mice lacking Pkd1 or Pkd2’. The pre-
vailing dogma was that accumulated cAMP in these cells is due to
reduced Ca* signaling mediated by the PKD1/PKD2 channel
complex**®*%’, thus a more downstream event. Our data support the

adad
oo

endosome

Recruitment

P
:]Vﬁ

alternative, but not mutually exclusive possibility that abnormally high
levels of cytosolic cCAMP levels are due to impaired Ga;.3 signaling at a
much earlier stage, directly involving PKD1/PKD2. As the receptor
function of the PKD1/PKD2 complex does not require Ca** permeation,
our data are compatible with cryo-EM data of the PKD1/PKD2 complex,
whereby three positively charged amino acid residues of PKD1 occlude
the PKD1/PKD2 ionic pore'®. We hypothesize that while individual PKD1

Early
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Fig. 8 | ARRB2 functions downstream of GRK6 in mediating internalization of
the PKD1/PKD2 complex. ARRBI- (a) and ARRB2-HaloTag (b) ARRB-HaloTag were
titrated with a fixed amount of PKDI-Nluc to assess basal recruitment to PKD1.

¢ ABRET time course (left panel) and summary data (AUC, right panel) for ARRB2-
HaloTag recruitment to PKD1 and/or PKD2. HEK293T cells were transiently trans-
fected with ARRB2-HaloTag, PKD1-Nluc, and pcDNA3 (PKD1-Nluc, gray circle) or
PKD2 (PKD1-Nluc + PKD2, pink circle). Vice versa, cells were transfected with
ARRB2-HaloTag, PKD2-Nluc, and pcDNA3 (PKD2-Nluc, gray square) or PKD1 (PKD2-
Nluc + PKD1, pink square), and responses recorded before and after WNT-9B
addition (1 pg/ml, time = 0 min). Statistical significance was assessed by one-way
ANOVA using Tukey’s post hoc test for multiple comparisons. d ABRET time course
(left trace) and summary data (AUC, right bar graph) for ARRB2-HaloTag recruit-
ment to PKDI-Nluc in response to WNT-9B (1 pg/ml, time = O min) following pre-

incubation with DMSO or GRK6-IN-1 + GRK6-IN-2 (15 pM) for 1 h. Statistical sig-
nificance was assessed by unpaired t test with Welch'’s correction (two-tailed).

e Quantification of basal BRET for HaloTag (HT)-CAAX, HT-Rabs, or HT-FYVE and
PKDI1-Nluc (left panel) or PKD2-Nluc (right panel). f Kinetic analysis of ABRET for
HT-CAAX, HT-Rab5, or HT-FYVE and PKDI1-Nluc (left trace) or PKD2-Nluc (right
trace) in response to WNT-9B (1 pg/ml, time = 0 min). g ABRET time course for
PKDI-Nluc and HT-CAAX in response to WNT-9B following pre-incubation with
barbadin (100 uM). h Diagrammatic presentation of a model for the function of
GRK6 and ARRB2 in PKDI-mediated signaling. In the model, GRK6 and ARRB2
function within a pathway that signals PKD1 internalization and/or ARRB-mediated
signaling following WNT activation of PKD1. Created in BioRender. Tsiokas, L.
(2026) https://BioRender.com/5plmc32. Data are represented as mean = SEM of
n=3(a, b, e-g) or n=4 (c, d) experimental replicates.

and PKD2 proteins bear “TRP channel-like” domains, when they form a
complex, not only is the channel function blocked, but a GPCR func-
tion is enabled. Whether channel activation is induced downstream of
G protein dissociation requires further studies.

PKD1/PKD2 does not only mediate ligand-dependent Go-medi-
ated signaling, but also GRK/ARRB-mediated recruitment and inter-
nalization. We show that PKD1/PKD?2 is in proximity to GRK6, whose
activity contributes to PKD1/PKD2 internalization and ARRB2 recruit-
ment. While we show ligand- and time-dependent recruitment of
ARRB2 to PKD1 or PKD2, we could not demonstrate time-dependent
recruitment of GRK6 to PKD1 or PKD2 in response to WNT-9B by BRET.
We speculate that GRK6 and PKD1 are already in such proximity before
receptor activation that “additional” GRK6 recruitment cannot be
resolved using BRET. Although GRK6 belongs to a subset of GRKs,
including GRK4 and GRKS5 that can constitutively phosphorylate
GPCRs in the non-activated state®®*’, we do not believe that GRK6
constitutively primes PKD1 for ARRB2 recruitment in the non-activated
state, because ARRB2 does show ligand-dependent recruitment, indi-
cating that an activating event for ARRB2 recruitment is needed.

We show that PKD1 is a unique type of GPCR containing 11- rather
than 7-TM segments typically seen in classical GPCRs. Notably, PKD1
has a distinct sequence and structure, not simply an additional
extension of the “typical 7-TM protein” domain seen in canonical or
non-traditional GPCRs, such as LYCHOS (or GPR155), a hybrid of a
transporter and a GPCR containing a total of 17-TM helices’®. LYCHOS
was shown to function as a GPCR”"2 Thus, our results expand the
general signaling paradigm for the GPCR group of cell surface recep-
tors. The unique structural features and functional properties of the
Polycystin complex described here lead us to propose that the Poly-
cystins (PKD1 and PKD2) and possibly Polycystin-like molecules (i.e.,
PKDI1-L (1-3), PKD2-L (1-3)) form a new class of GPCRs. Consistently,
PKD1-L2 binds a subset of Ga subunits”.

Our study has the following limitations. Most of the experiments
were done using overexpression systems, where ratios of PKD1, PKD2,
and various sensors were optimized for maximal coupling. However,
these ratios may not represent physiological levels of endogenous
components. This limitation was mitigated by loss-of-function
experiments, where endogenous PKD1 or PKD2 was inactivated. In
addition, the BRET assay does not detect direct protein-protein
interactions, but proximity between two proteins down to 10 nm dis-
tance. Despite this caveat, it allows the detection of protein-to-protein
recruitment in real time in response to a ligand, which is critical in our
study. Finally, our study does not provide a structural basis for the
PKD1/Ga protein coupling. To date, no high-resolution structure of
full-length PKD1 has been feasible. The cryo-EM structure of a trun-
cated PKD1/PKD2 complex has been reported'®, but omits key regions
of PKDI, including much of its extracellular, ligand-binding, and
cytoplasmic domains that mediate G protein signaling. Without full
structural coverage, critical aspects of PKD1’s interaction with signal-
ing proteins remain speculative. In summary, while the inability to

structurally resolve full-length PKD1 remains a substantial limitation,
this study successfully circumvents these technical barriers, shifting
the field from correlative speculation to functional demonstration of
the role of PKD1 as a ligand-responsive GPCR.

Overall, our data define the molecular function of the Polycystin
complex and directly link it to cAMP metabolism, putting forth the
notion that impaired PKD1-Gay;.3 coupling is the root cause of cyst
formation in ADPKD. This idea gives a broader perspective of the
mechanisms underlying cystogenesis in ADPKD and can serve as the
springboard for future studies to address specific downstream func-
tions of the PKD1 GPCR in ADPKD. Our results have implications in
understanding biological processes that go far beyond ADPKD, as they
shed light onto a wide spectrum of biological processes that involve
WNT- and PKD1/PKD2-mediated signaling cascades. Therefore,
understanding how this unique ligand/receptor system works will
impact research efforts on many other biological processes in various
tissues and organs.

Methods

Plasmids

Human wild-type PKD1-HA and human PKD1 T3049V were provided by
Feng Qian. Human PKD1 L4132A-HA and human PKD1 S4213X-HA were
provided by Stephen Parnell’”>. Mouse PKD1-eGFP was provided by
Chris Ward (University of Kansas Medical Center). Mouse Flag-PKD1
was provided by J. Yang (Columbia University). Human PKD1 gRNAs (1-
3) and Cas9 were purchased from Addgene (cat #76841, #76842,
#76843, and #52962, respectively). To generate human PKDI-Nluc,
Nluc was cloned out of the pNLF1-C [CMV/Hygro] vector (Promega)
and into PKD1-HA before the HA tag. Mouse PKD2 was made by PCR
amplification of mouse cDNA derived from a mouse embryonic kidney
cDNA library and cloned into pcDNA3. Human PKD1 W139C-HA*’,
human PKD1 S99I-HA*, mouse PKD2 E442G, mouse PKD2 D509V,
mouse PKD2 W199A, mouse PKD2 F602P, human PKD2 W201A, and
human PKD2 F604P were generated using the QuikChange mutagen-
esis kit (Agilent Technologies). Human PKD1 AC was generated by
cytoplasmic C-terminal region deletion using pCS2+MT-6xMyc-hPKD2
(Addgene #21370). Mouse PKD2-HaloTag was generated by cloning
the mouse PKD2 into the pHTC HaloTag CMV-neo vector (Promega),
and mouse PKD2 E442G-HaloTag was generated by mutagenesis.
Mouse PKD1-Nluc was generated by cloning the mouse PKD2 in the
pNLF1-C [CMV/Hygro] vector (Promega). eTLCV-hPKD2 was generated
by cloning the guide RNA for human PKD2 into a modified version
(eTLCV2) of the TLCV2 vector backbone (Addgene #87360). Gs-CASE
(Addgene #168124), G13-CASE (Addgene #168127), Gq-CASE (Addgene
#168125), Gil-CASE (Addgene #168120), Gi2-CASE (Addgene #168121),
and Gi3-CASE (Addgene #168122) were gifts from Gunnar Schulte. The
Gi3-s and Gs-i3 chimeras were made in the Gi3-CASE and Gs-CASE as
follows: For the Gi3-s chimera, the final 16 C-terminal amino acids of
human Gi3 were replaced with those of human Gs (CRDIIQRMHLR-
QYELL). For the Gs-i3 chimera, the final 16 amino acids of human Gs
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were replaced with those of human Gi3 (VTDVIIKNNLKECGLY). Galpha-
s ONE-GO (Addgene #189731), Galpha-13 ONE-GO (Addgene #189740),
Galpha-q ONE-GO (Addgene #189738), Galpha-il ONE-GO (Addgene
#189735), Galpha-i2 ONE-GO (Addgene #189736), and Galpha-i3 ONE-
GO (Addgene #189737) were gifts from Mikel Garcia-Marcos. Galpha-q-
YFP, Galpha-il-YFP, Galpha-i2-YFP, and Galpha-i3-YFP were generated
by cloning out the IRES and Nluc components from the ONE-GO bio-
sensors. Mouse GRK2-HaloTag, mouse GRK3-HaloTag, GRK5-HaloTag,
human GRKé-HaloTag, ARRB1-HaloTag, ARRB2-HaloTag, HaloTag-
CAAX. HaloTag-Rab5 and HaloTag-FYVE were obtained from Mohiud-
din Ahmad. Human GRK6 and 32AR were obtained from Augen Pios-
zak. MIR-HA and M2R were generated using RT-PCR from a human
fetal kidney cDNA library. CaSR was obtained from Wenhan Chang
(UCSF). Mouse FZD6 in SPORT6 was obtained from Horizon Discovery
Collection of cDNA & ORF clones and verified by Sanger sequencing.
ZNRF3 was obtained from Dr. Cong (Novartis). Human GPSM1 was
purchased from Sino Biological (HG19737-UT). The pGloSensor-22F
cAMP Plasmid was purchased from Promega.

Recombinant proteins and drugs

Recombinant human WNT-3A (5036-WN), human/mouse WNT-5A
(645-WN), and mouse WNT-9B (3669-WN) were purchased from R&D
Systems/Biotechne. WNTs were dissolved to 100 pg/ml in filter-
sterilized in PBS containing 0.1% bovine serum albumin (BSA) and
stored at -20°C in low-protein-binding microcentrifuge tubes
(Eppendorf). For stimulation experiments, WNTs were diluted in Opti-
MEM I Reduced Serum Medium, no phenol red (Gibco), containing
0.1% BSA. The following drugs were stored at —20 °C as stock solutions
and diluted in PBS or assay medium on the day of experiments: R568,
Spermine, Carbachol, Isoproterenol, Doxycycline, Forskolin (Ther-
mofisher, J63292.MA), Pertussis Toxin (Thermofisher, PHZ1174), GRK6-
IN-1 (MedChemExpress, HY-142812), GRK6-IN-2 (MedChemExpress,
HY-142817), and Barbadin (MedChemExpress, HY-119706). Lanthanum
was prepared from powder the day of the experiment (Sigma-Aldrich,
262072).

Cell lines

HEK293T cells (ATCC, CRL-3216) were maintained in DMEM (Corning)
supplemented with 10% FBS (GeminiBio). Wild-type and Pkd2-null
mouse inner medullary collecting duct (mIMCD-3) cells were obtained
from Dr. Steve Kleene® and maintained in DMEM:F12 (Gibco) supple-
mented with 10% FBS. All cell lines were cultured in a humidified
incubator at 37 °C and 5% CO,. Absence of mycoplasma contamination
was routinely confirmed by PCR.

Transient transfections

On the day of transfection, cells were trypsinized and diluted in cell
culture medium to a final density of 2 x 10° cells/ml. Subsequently, 2 ml
of cell suspension (400,000 cells) was plated in each well in a sterile
six-well plate and incubated for 4-6 h at 37 °C, 5% CO,. HEK293T cells
were transiently transfected using the calcium phosphate precipita-
tion method. mIMCD-3 cells were transfected using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s recommendations.
For all experiments, cells were transiently transfected with up to 4 pg
total DNA per well in a 6-well plate. Transfected cells were then incu-
bated for 24 h at 37 °C, 5% CO,. Plasmid amounts and combinations
used for transient transfections are detailed in Supplementary Table 2.

Bioluminescence resonance energy transfer assays

Twenty-four hours post-transfection, cells were trypsinized and
resuspended in cell culture medium. Following centrifugation, cells
were resuspended in assay medium (Opti-MEM | Reduced Serum
Medium, no phenol red, supplemented with 4% FBS) at a final density
of 2 x10° cells/ml, and 100 pl dispensed per well of a sterile white 96-
well microplate (Greiner Bio-One) and incubated for 24 h at 37°C, 5%

CO,. For BRET assays using Nluc- and HaloTag-fused proteins, half of
the cells were treated with 100 nM HaloTag NanoBRET 618 Ligand
(Promega) and the other half with 0.1% DMSO (no-ligand control), and
100 pl of both cell suspensions dispensed into separate wells. 24 h post
seeding, 25 pl of furimazine (Promega) was added to each well (final
dilution 1:1000) and incubated for 5min at room temperature. All
measurements were performed using a Synergy Neo2 hybrid multi-
mode microplate reader (BioTek) equipped with filters to simulta-
neously measure the donor and acceptor emissions (450/50 and 610LP
for BRET experiments with Nluc- and HaloTag-fused proteins, or 460/
540 for experiments with G-CASE sensors, ONE-GO sensors, or Ga-
YFP), and using an integration time of 200 ms. For stimulation
experiments, baseline measurements were acquired for 5 min before
manual addition of 25 pl of compound or vehicle control (assay med-
ium) to the final concentration indicated in individual figure panels
and/or legends. Signal was then measured for an additional 10-20 min.
Assays done using BRET-based G protein biosensors were conducted
at 27 °C. Assays to measure Nluc- and HaloTag-fused protein interac-
tions were conducted at room temperature. BRET data were collected
using BioTek GenS5 software for detection (Agilent).

Glosensor cCAMP assays

Approximately 400,000 HEK293T cells were seeded on each well of
6-well plates and transfected with plasmids 18 h later. Cell medium was
replaced 6 h after transfections, and cells incubated 24 h at 37 °C with
5% CO,. For experiments in which the PKD2 CRISPR KO was trans-
fected, medium was supplemented with doxycycline (2 pg/ml). Sub-
sequently, cells were rinsed with PBS, trypsinized, and resuspended in
2ml of cell culture medium. Following centrifugation, cells were
resuspended in fresh cell culture medium at a final density of 2 x 10°
cells/ml, and 100 pl dispensed per well of a white 96-well microplate
and incubated for 20 h at 37°C, 5 % CO,. For end-point analyses to
determine PTX-sensitivity, the replacement medium was supple-
mented with 0.1 pg/ml PTX. The following day, medium was replaced
with 100 pl of equilibration medium (88% CO,-independent medium,
10% FBS, 2% GloSensor cAMP Reagent stock solution in HEPES buffer)
per well. Cells were then incubated for 2 h at room temperature. For
dose-response experiments to assess forskolin-induced cAMP accu-
mulation detection using the pGloSensor-22F cAMP biosensor, a pre-
read measurement was taken, followed by the addition of varying
concentrations of forskolin. Luminescence was measured after 10 min,
and this value was divided by the pre-read measurement to determine
fold response. For end-point analysis, a pre-read measurement was
taken before compound addition. WNT ligands (1pg/ml) or vehicle
were then manually added to wells using a multichannel pipette and
incubated for 5 min. Subsequently, forskolin (1 tM) was then manually
added to all wells, and luminescence was measured 25 min later. For
kinetic analysis, the plate was pre-equilibrated to the steady-state
operating temperature of the microplate reader before compound
addition by performing a pre-read kinetic measurement for 10 min to
monitor the basal level of luminescence. For experiments to determine
the inhibitory effect of WNTSs on FSK-induced cAMP, following the pre-
read kinetic measurement, 1 uM forskolin was added manually to each
well using a multichannel pipette. Measurements were continued for
10 min, followed by manual addition of WNT (1pg/ml) or vehicle
control, and the plate was read for an additional 10 min. For experi-
ments to measure the agonist effect on basal cCAMP levels, WNT ligands
(1pg/ml) or vehicle were manually added following the pre-read
kinetic measurement, and recordings continued for 10 min.

Live-cell imaging

HEK293T cells were transfected in 8-well chambered cover glasses
(Cellvis) with expression plasmids. After a 24-h incubation period post-
transfection, cells were labeled with 200 nM JFX 554 HaloTag Ligand
(Promega) for 30 min and cultured in phenol red-free Opti-MEM. Live-
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cell imaging was done using an oil immersion 1.48 NA 100x objective
lens in a Nikon CSU-W1 SoRa Spinning Disk confocal microscope. During
image acquisition, SoRa 2.8x magnification was used with laser power
set at 85%, 200 ms for the 488 channel, and 10%, 100 ms for the 561
channel, all with a step size of 0.1 pm. NIS Elements Software was used to
process the images with the LUT set at 100-200 for the 488 channel.

Immunoprecipitations

In experiments where immunoprecipitations were done in lysates,
cells were lysed in 1% Triton X-100, 150 mM NacCl, 10 mM Tris-HCl at pH
7.5, 1mM EDTA, 1mM EGTA, 0.5% NP-40, and 10% sucrose with pro-
tease inhibitor cocktail (Roche Applied Science) at 4 °C for 30 min and
lysates were collected by centrifugation (18,000 x g, 20 min). Lysates
(500 pl) were incubated at 4 °C for overnight with the indicated anti-
bodies in figures coupled to Sepharose beads. Beads were pelleted by
centrifugation, and pellets were washed in lysis buffer three times for
20 min with rotation at 4 °C. Immunoprecipitated proteins immuno-
blotted with indicated antibodies in the figures.

qRT-PCR

RNA was isolated from HEK293T cells using TRIzol reagent (Thermo-
fisher) and further purified using Qiagen RNA isolation kit (Qiagen).
cDNA was prepared from 500 ng RNA using the Maxima First Strand
cDNA Synthesis Kit (Thermofisher). qRT-PCR assays were performed
using EvaGreen 2x gqPCR MasterMix (Bullseye) and primers corre-
sponding to the appropriate cDNA (Supplementary Table 1). Analysis
was performed using Bio-Rad CFX96.

Statistics and reproducibility

BRET ratios were defined as the acceptor emission divided by the
donor emission. Normalized BRET was determined by subtracting the
mean value of the baseline prior to stimulation from all data points. Net
BRET was calculated by subtracting the donor-only (transfection
without HaloTag or YFP) BRET ratio. To determine ligand-induced
effects, ABRET was calculated as the difference between vehicle and
WNT-treated wells, where each well was normalized to the mean value
of the baseline. For analysis of G-CASE experiments, ABRET (%) was
calculated for each well as a percent over the baseline ([(BRET ratio
(treated)—mean BRET ratio (baseline))/mean BRET ratio (baseline)] x
100). Subsequently, the average ABRET (%) of vehicle control was
subtracted. Max ABRET (%) was defined as the maximum change from
the baseline following stimulation in the kinetic experiments. Area
under curve (AUC) was determined for 6 min post-treatment. Satura-
tion curves were fit using a one-site-specific binding model. BRET ,ax
denotes the maximum net BRET signal. BRET5q represents the accep-
tor/donor ratio required to reach the half-maximal BRET signal. Dose-
response curves were fit using a nonlinear three-parameter model. For
all statistical tests, p<0.05 denoted by one asterisk, was considered
significant, and normality was confirmed. All data were analyzed with
GraphPad Prism, and details of statistical analyses are provided in the
source data file.

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

Data availability

Source data are provided with this paper.
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