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The mechanisms underlying cyst growth and progression in Autosomal Dominant Polycystic
Kidney Disease (ADPKD) remain unresolved. Since cyst expansion requires epithelial salt and water
secretion likely involving basolateral membrane K* recycling, we investigated the role of KCNN4-
encoded K* channel KCa3.1, inhibited by the potent, pharmacospecific, well-tolerated antagonist,
senicapoc. We hypothesized that genetic and/or pharmacological inactivation of KCNN4/KCa3.1
would slow PKD progression. KCNN4 was upregulated in kidneys of patients with ADPKD and of
mechanistically distinct PKD mouse models. Cyst expansion in Pkd7”- murine metanephroi was
stimulated by KCa3.1 agonist and was prevented/reversed by senicapoc. In rapidly and/or slowly
progressive mouse Pkd1 models, Kcnn4 inactivation slowed renal cyst growth; attenuated PKD-
stimulated cAMP and ERK/Myc signaling pathways; reduced PKD-associated ciliary elongation, cell
proliferation, and fibrosis; improved renal function; and prolonged survival. Importantly, senicapoc
treatment of Pkd1 mouse models phenocopied most effects of Kcnn4 inactivation. This first study
on the efficacy of KCa3.1inhibition in PKD progression recommends senicapoc as a clinical trial
candidate for ADPKD.

Introduction

Autosomal dominant polycystic kidney disease (ADPKD) affects ~1:1,000 individuals and frequently
progresses to end-stage kidney disease. Approximately 85% of ADPKD is caused by mutations in the
PKDI gene. ADPKD progression correlates with increases in kidney volume, resulting from slow enlarge-
ment of cysts arising in only ~3%-5% of the nephrons. The growing cysts eventually compress adjacent
normal renal tubules, leading to death of noncystic nephrons.

The relentlessly increasing cyst volume that characterizes ADPKD is governed by epithelial cell secre-
tion of lumenal fluid, accompanied by cell proliferation, interstitial fibrosis, alteration in ciliary structure
and function, metabolic reprogramming, inflammation, and apoptosis. These cystic changes are paralleled
by early dysregulation of signaling pathways and their downstream effectors and targets, including altered
cAMP signaling, activation of MEK/ERK and multiple additional protein kinases, and altered transcrip-
tional regulation through upregulation of c-Myc and other transcription factors.

Cyst transepithelial fluid secretion is mediated via polarized ion channels and transporters. All net ion
transport contributing to cyst growth is accompanied by net water transport. Plasma vasopressin levels
are elevated in patients with ADPKD, while urinary concentrating ability is decreased (1, 2). Vasopressin
stimulation of adenylyl cyclase-coupled vasopressin V2 receptor (V2R) is the major source of renal tubu-
lar epithelial cell cAMP in ADPKD. V2R-stimulated cAMP levels contribute to increased transepithelial
fluid secretion via coordinated protein kinase A-mediated (PKA-mediated) activation of apical water
channel aquaporin 2 and apical CI” channel cystic fibrosis transmembrane conductance regulator (CFTR).
Indeed, rare patients with ADPKD with cystic fibrosis mutations exhibit reduced rates of total kidney
volume increase compared with family members without cystic fibrosis (3, 4). TMEM16A/ANO1 and



. RESEARCH ARTICLE

other CI- channels likely contribute to fluid secretion (5). Mouse studies have suggested pharmacological
inhibition of CFTR (6), CFTR corrector (7), or genetic inactivation of Tmem16a chloride channels (8) can
slow renal cyst enlargement. Pharmacological targeting of salt and water secretion is, thus, a promising
strategy to slow cyst growth (9).

Active CI” secretion by apical channels in cyst epithelial cells requires increased basolateral membrane
Cl" influx, principally via Na*-K*-2CI" cotransporter NKCC1/SLC12A2 (10). Maintenance of baseline and
stimulated apical Cl- secretion also requires basolateral uptake of Na*(via NKCC1 and Na*,K*-ATPase)
and recycling of K* (involving basolateral K* channels). Prominent among the incompletely defined routes
of basolateral K* recycling in secretory epithelial cells and cultured ADPKD cyst epithelial cells is the
KCNN4-encoded Ca**-activated K* channel of intermediate conductance, KCa3.1 (known in erythrocytes
as the Gardos channel) (11-15). In some heterologous systems, KCa3.1 has also exhibited regulation by
cAMP and PKA (16, 17). KCNN4 gain-of-function mutations cause the autosomal dominant hemolytic
anemia, hereditary xerocytosis (18-21), and KCa3.1 inhibition attenuates some indices of disease severity
in murine (22, 23) and human sickle cell disease (24). Kcnn4-KO mice are grossly normal and reproduce
normally (25, 26), with moderate hypertension reported in one model. Kcnn4d”~ RBCs and T lymphocytes
are unchanged in resting cell volume, but regulatory volume decrease is impaired (25, 27). Kennd in eryth-
roid precursor cells is regulated by c-Myc (28), a major driver of cystogenesis in ADPKD epithelial cells
and in PKD mouse models (29-31). KCa3.1 activation or inhibition in cultured human ADPKD cyst
epithelial cells modulates CFTR-mediated Cl- secretion without affecting cell proliferation (9, 32). This
report suggests that KCa3.1 could be a therapeutic target for inhibition to slow disease progression. Where-
as studies with CI” channel inhibitors slow or abolish cyst expansion in cell culture, these drugs are either
unapproved for human use or are clinically dose limiting. However, the role of KCa3.1 in cyst initiation
and growth remains to be investigated ex vivo or in animal models of renal cystic disease.

Several Pkdl mouse models exhibiting widely differing rates of bilateral renal cyst growth and disease
progression can serve to study pathogenesis and test therapeutic approaches. Mice homozygous for Pkd!-
null alleles initiate renal cysts from E15.5, but perinatal lethality complicates use for pharmacologic studies.
Other early-onset, rapidly progressive renal Pkd! loss-of-function models expressing severe disease include
Pkd1"'; KspCre (Pkd1°*°) (33) and hypomorphic Pkd1""” mice (34, 35). Two more slowly progressive Pkdl
transgenic mouse models, ?Pkd! (SB regulator elements) and PkdI*'/ Pkdl ., express full-length mouse Pkd!
with preferential renal epithelial (**Pkd1) or systemic (PkdI™) overexpression (36, 37). Both models resemble
human disease in their slow progression accompanied by increased renal expression of Pkdl mRNA and
Polycystin-1 protein (29, 38—41), but they differ in genetic mechanism from the hypomorphic human ADP-
KD alleles. Both hypomorphic and overexpressing mouse models share with human ADPKD increased
renal epithelial cell proliferation, apoptosis, inflammation, and fibrosis. Two approved ADPKD treatments
can slow disease progression. V2R inhibitor tolvaptan (Jynarque) can delay need for renal replacement up
to 8 years (42). Somatostatin receptor inhibitors pasireotide and octreotide can also slow disease progression
(43). However, both treatment types can exhibit dose-limiting side effects, and occasional hepatotoxicity of
tolvaptan further highlights the need for additional candidate ADPKD treatments.

We hypothesized, inspired by Albaqumi et al. (32), that Kcnn4 genetic inactivation or pharmacological
inhibition of KCa3.1 would effectively treat ADPKD, as KCa3.1 inhibitor senicapoc has shown both target
engagement and tolerability in human trials. We identified KCa3.1/Kcnn4 as a major contributor to cyst
enlargement that is upregulated in human ADPKD kidneys and in kidneys of all examined Pkd!/ mouse
models. Genetic and pharmacologic modulation in Pkd/-mutant mouse-derived metanephroi demonstrated
that KCa3.1 upregulation induces and drives cyst formation and growth, whereas downregulation reduces
cyst enlargement and even reverts previously formed cysts. Kcnn4 genetic inactivation in 2 mechanistically
orthologous Pkdl mouse models considerably slowed development of morphological and cell biological
hallmarks of ADPKD. Administration of KCa3.1 inhibitor senicapoc attenuated cyst growth and other
indices of disease progression in all 4 tested Pkdl mouse models of ADPKD.

Results

Upregulation of renal KCNN4 in human ADPKD and Pkd1 mouse models. To assess a possible role for KCNN4 in
human ADPKD progression, we first evaluated KCNN4 expression by quantitative PCR (qPCR) and digital
droplet PCR in human kidney tissue resected from patients with or without ADPKD. ADPKD kidneys con-
sistently exhibited KCNN4 RNA expression ~20-fold greater than did nominally normal kidneys (Figure 1A).
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We next investigated Kcnnd expression in several Pkdl murine models of ADPKD. The Polycystin-1
dosage-reduced model Pkd!"”'; KspCre mice (PkdI%°) exhibits cysts at P2, with rapid cyst growth leading to
death by ~P17 (31). The hypomorphic Pkd!"" mouse model develops cysts at P4 and dies at day 25.0 + 3.3
with enlarged cystic kidneys (35). Renal expression of Kcnnd in P10 Pkd1* and Pkd1"’" mice was upregulat-
ed 2-fold compared with WT (Figure 1B). We also evaluated renal Kcnnd RNA expression in 2 transgenic
ADPKD mouse models with slower cyst expansion and disease progression, ?Pkdl mouse (37) and PkdI*
(36) (Figure 1B). Kcnnd RNA levels were ~5- to 6-fold higher than in WT counterparts. Similar renal Kcnnd
upregulation characterized the nonorthologous SBM PKD mouse model (30) (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.191311DS1). In con-
trast, Kennd RNA abundance was unchanged in liver, brain, heart, and spleen of Pkd"’" and SPkd] mice and
in Pkd1""" pancreas (Supplemental Figure 1, B and C). Renal upregulation of KCNN4 RNA is, thus, a shared
feature of human ADPKD and of mouse ADPKD models with reduced or increased PkdI gene dosage.

We assessed specificity of Kcnn4 upregulation by comparing renal expression changes of additional
selected ion transporters/channels. Renal RNA levels of the Cffr, Nkccl, Nkcc2, Aqp2, Agpl, and Anol genes
were all reduced in abundance in P10 Pkd/° versus WT mice, consistent with previous reports (44-46).
Expression of these RNAs (except for ANO1) was reduced or unchanged versus WT in 4-6 months (mo)
$8Pkd] kidneys (Figure 1C). Renal upregulation of Kcnnd RNA is thus both reproducible and specific across
multiple mouse models of ADPKD, supporting potential role(s) in cyst enlargement. To assess Kcnn4 spatial
expression in cystic kidneys, we examined early- and adult-onset Pkd/ mouse models of ADPKD by RNA-
Scope (Figure 1D). P5 and 4 mo WT PkdI*'* kidneys exhibited little or no Kcnnd signal in cortical, medul-
lary, or papillary regions. P5 Pkd1°° kidney sections revealed Kcnn4d RNA signal in noncystic tubules, with
increased Kcnn4 signal in some cyst-surrounding cells and in interstitial regions (Figure 1D). $Pkd] kidneys
(4 mo) exhibited increased Kcnnd RNA signal versus WT, in cyst epithelial and surrounding cells (Figure 1D)
with similar results in 6-7 mo Pkd 1" kidneys (not shown). Renal Kcnn4 upregulation in all tested Pkdl mouse
models of ADPKD suggests that Kcnnd plausibly contributes to renal cyst growth in ADPKD.

Kcnnd regulates cystogenesis in mouse metanephroi. Mouse W'T PkdI*/* metanephroi cultured in vitro from
E14.5 undergo cAMP-stimulated ureteric bud branching, tubule formation, and growth, without apparent
morphological anomalies. Kcnnd is expressed at E14.5 and E16.5 in developing PkdI*'* or PkdI~’~ kidneys
(Supplemental Figure 1D), validating cultured metanephroi as an ex vivo experimental system in which to
investigate KCa3.1 roles in cyst formation and enlargement. This pattern of embryonic Kcnn4 expression,
together with its very low levels in adult kidney, reinforces the concept that cystogenesis in ADPKD may
represent a failed developmental switch to the adult renal molecular program.

cAMP exposure of E14.5 PkdI*’* metanephroi elicits rare tubular dilatations and occasional small
cysts, whereas cAMP-treated Pkdl~~ metanephroi develop multiple large cysts over 4-6 days in culture
(Figure 2) (47). We therefore assessed whether the KCa3.1 agonist SKA-111 modulates cAMP-stimulated
cystogenesis or cyst enlargement in PkdI*/* or Pkdl”’- metanephroi (Figure 2A). Treatment of PkdI*'*
metanephroi with increasing SKA-111 concentrations led to dose-dependent cystogenesis and > 2-fold
increased percentage of cyst area (cystic index) (Figure 2, B and C). SKA-111 treatment of Pkdl~~ meta-
nephroi, already prone to larger cyst development, further increased cyst area ~34% and cyst number ~44%
versus vehicle (Figure 2, D and E). Thus, KCa3.1 activity has the potential to modulate ex vivo cyst devel-
opment and progression.

Although Kcnn4”~ mice were reported grossly normal (25), kidney histology was not examined. Absence
of microscopic renal anomalies and apparent fibrosis in Kenné /- adult mouse kidneys (Supplemental Fig-
ure 2) confirmed utility of testing effects of Kcnn4 inactivation on renal cyst appearance and enlargement.
We therefore intercrossed Pkd1*/~;Kcnn4~~ mice to assess cyst formation in metanephroi (Figure 3A) from
PkdI7~;Kcenn4~'- embryos and compared with metanephroi from Pkd1/~;Kcnnd*'* and Pkd1*'*;Kcnn4*’'* con-
trols obtained from intercrosses of PkdI*/~;Kcnn4*'* mice. Pkdl”~;Kcnn4’~ metanephroi (Figure 3B) exhib-
ited ~40% lower cyst area (Figure 3C) and ~30% lower cyst number (Figure 3D) than in Pkdl”~;Kcnnd*'*
metanephroi, suggesting that KCa3.1 expression contributes not only to cyst enlargement but perhaps also
to cystogenesis.

We then questioned whether the well-tolerated KCa3.1 inhibitor senicapoc (24, 48, 49) could slow
cyst growth in cultured metanephroi (Figure 4A), similarly to PkdI genetic inactivation. Pkdl”’~ meta-
nephroi cultured in the presence of 20 uM senicapoc (Figure 4B) exhibited ~90% reduction in both cyst
area and number. The structurally related KCa3.1 inhibitor TRAM-34, effective in cultured cells (32, 50),

JCl Insight 2025;10(20):e191311 https://doi.org/10.1172/jci.insight.191311 3



RESEARCH ARTICLE

A Human KCNN4 B Mouse Kcnn4
B0 sk
® 4 4 15 *% 15
40 ° = . ak
) 2 §8 3 ° } 10 °
g £20 - 25 x o
5= ° £= 2 <+ 2 ® -
e S E o, e o e 5 ﬁ ——
4 ° o S 0 e oo
2 ™ o o
0 — 0 0 - oL =L B, pL S0
NK  ADPKD Pkd1™*  Pka1™® Pkd 1™ Phd1"V Pkd1** S8pid1 Pkd1™ Pkd1™t
c s0a Cftr . Nkcel  Nkcc2 — Agp2 Agp1 ~ Anot - Cfir ~ Nkcc1  Nkec2  Agp2  Apg?  Anol
' 2xx EETS Zrkx | wk
154 2 ke kkkk ok dekdk kkkk 64 L
§% ° s34l =,
g 2 82T
§§1 04 &8 %58 qé] ¥ % &8 €3 . O e o
> O o] e} K=
w e c e i o .
- : 3 e =R Eie 3
‘ o B te ) )
0.0 s 0 B 2% B
O Pkd1+# ® Pl cko O Pkd1+* @ SBPkd1
D

Pkd 1+ Phd1cko

Figure 1. Selective upregulation of KCNN4 in
kidneys from human patients with ADPKD and
from Pkd1 mouse models. (A) Relative expression
(gPCR) of human KCNN4 in ADPKD (filled teal circles)
and normal kidneys (NK, open circles). **P < 0.01,
Student’s t test 1-tailed, Welch-corrected. (B) gPCR
of mouse Kcnn4 in kidneys from 4 Pkd1 models and
age-matched Pkd7*/* controls (open circles): Pkd1¢e
(black, P10), Pkd1”" (caramel, P10) *8Pkd1 (blue, 2 mo),

and Pkd1“t (green, 7 mo). *P < 0.05; **P < 0.01, Stu-
Pkd ™" S5Pkd 1 dent’s t test, 1-tailed. (C) gPCR of mouse Cftr, NkccT,
Nkcc2, Agp2, Aqp1, and AnoT in P10 Pkd1% kidneys
(left, black) and 6-8 mo *8Pkd1 kidneys (right, blue),
versus age-matched Pkd1*/ (open circles). **P < 0.07;
***¥P < 0.001; ****P < 0.0001, Student’s t test, 2-tail,
Welch-corrected. (D) In situ hybridization of mouse
kidney Kcnn4 (RNAScope) from P5 Pkd1, 4 mo *8P-
kd1, and age-matched Pkd7+/+, DAPI-counterstained.
Scale bar: 100 pm.

also reduced cyst area of PkdI/~ metanephroi by ~25%-30% at 20 and 40 uM (Figure 4, C and D, and Sup-
plemental Figure 3). Senicapoc at these concentrations exhibits antiinflammatory and antiinnate immune
activities as well as channel inhibition. The similar responses of Pkd/~~ metanephroi to both senicapoc
and TRAM-34 support important contribution(s) of KCa3.1 function to cyst enlargement in metanephroi.

To more closely model treatment of patients with ADPKD, we evaluated senicapoc efficacy in estab-
lished cysts. Pkd1”~ metanephroi underwent cyst growth for 72 hours (h) before 48h further supplementa-
tion with senicapoc or vehicle (Figure 4E). Whereas vehicle-treated cystic metanephroi displayed progres-
sively increased cyst area and number, delayed senicapoc treatment was associated with marked regression
of cyst area and number to near WT levels (Figure 4, F-H). These results provide further evidence of
KCa3.1-dependent cyst growth activity in Pkdl~~ metanephroi.

Potentiation of senicapoc-mediated inhibition of ex vivo cyst growth by CI- channel inhibitors. To gain insight
into KCa3.1 interactions and mechanism in renal epithelial fluid secretion during cyst enlargement, we next
evaluated cyst enlargement in Pkdl~’~ metanephroi treated with senicapoc alone or in combination with
inhibitors of apical Cl" channels TMEM16A/Anol and CFTR, previously shown to block cyst growth (51,
52). Senicapoc (5-20 uM) dose-dependently reduced cyst area in Pkdl~~ metanephroi (Supplemental Figure
4A). TMEM16a inhibitor CaCCinh-A01 (A01,10-30 uM) only minimally reduced cyst area in Pkd/~”~ meta-
nephroi. However, in the additional presence of 5 uM senicapoc (itself minimally inhibitory), 30 pM A01

JCl Insight 2025;10(20):e191311 https://doi.org/10.1172/jci.insight.191311 4



. RESEARCH ARTICLE

Days 0 1 2 3 4
SKA-111 g
B +H 4+ D -
o Pkd1 @ Pkd1** SKA-111 e Pkd1

C E
50+ ok 709 709 ok
drdkddk
drdkddk
g —==— < 604 - -8R
= Hkkk e .é £ o ® o]
o
f e F Sl X .,
5 — @ E
%20- A & 40 %%0 Sa4-4 *° %
10+ %’ % 34 ® © 30 o
oo
0 20 20
SKA-111 (uM) - ven 10 20 30 SKA-111 (uM) - Veh 10 - Veh 10

Figure 2. KCa3.1 activator SKA-111 promotes cystogenesis and/or cyst growth in metanephroi. (A) E14.5 (day 0) Pkdf/+ and Pkd1+ metanephroi were
stimulated with 100 pM cAMP (thicker line) and treated with vehicle (veh) or KCa3.1 activator SKA-111 (arrow, days 1-4). (B) Representative Pkd1”" meta-
nephroi after 4 days without or with SKA-111. (C) Cyst area (%) of pid1” metanephroi without (open) or with vehicle (gray) or SKA-111 (violet, concentra-
tion-dependent inte_r)_sity). ****p < 0.0001, ANOVA. (D) Representative Pkdf/f metanephroi after 4 days without or with 10 pM SKA-111. (E) Cyst area (%)
and number of Pkd1~ metanephroi without (black) or with vehicle (gray) or SKA-111 (violet). ****P < 0.0001, ANOVA.

substantially reduced cyst area, suggesting a synergistic effect (Supplemental Figure 4B). Treatment of Pkdl~~
metanephroi with 2-20 uM CFTR inhibitor PPQ102 progressively decreased cystic surface area. Senicapoc (5
uM) addition to these Pkdl”’~ metanephroi potentiated inhibition of cyst enlargement (Supplemental Figure
4C), as with AO1. Thus, metanephroi responses to these combined treatments highlight possible interactions
of KCa3.1 and CI channels in transepithelial secretory ion transport driving cyst enlargement.

Upregulated signaling pathways associated with cyst enlargement in 4 Pkdl mouse models. Kcnn4 upregulation
in 4 orthologous mouse models of ADPKD, together with KCa3.1’s role in ex vivo cyst enlargement,
prompted our systematic assessment of several major effectors of the fluid secretion pathways driving cyst
growth. Elevated renal cAMP levels are associated with ADPKD progression, and cAMP has been report-
ed in some conditions to activate KCa3.1 (17). We therefore measured cAMP levels in kidney extracts
from mouse ADPKD models with different rates of disease progression. Compared with age-matched con-
trols, renal cCAMP levels were elevated up to 25-fold in extracts from the rapidly progressive Pkd° model
(Figure 5A). In extracts from more slowly progressive S®Pkdl and PkdI* models, cAMP was also elevated
~4- and ~2.6-fold. The nonorthologous SBM mouse model also showed markedly increased cAMP levels
(Supplemental Figure 5). Thus, renal cAMP content was increased in multiple ADPKD mouse models of
differing rates of progression.

Since ERK and c-Myc are both downstream mediators of cCAMP signaling and contribute to PKD-asso-
ciated cell proliferation (53, 54), we next examined ERK and c-Myc activation states in ADPKD mouse mod-
els. Pkd €9 and Pkd1"’" (P10) kidneys with rapidly progressive disease showed 4- to 5-fold greater increases in
phospho-ERK (pERK)/total ERK compared with control PkdI*'* kidneys and showed up to 10-fold higher
levels of c-Myc (Figure 5, B and C, and Supplemental Figure 6). Similarly, kidneys from *?Pkd! and PkdI*
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mice with moderately progressive disease exhibited 5- to 10-fold increased pERK/ERK ratio and increased
c-Myc expression versus age- and strain-matched PkdI*/* kidneys (Figure 5, D and E, and Supplemental
Figure 6), consistent with our previous demonstration of ¢-MYC upregulation in human ADPKD (29). The
above data emphasize the similarity of these regulatory responses in all ADPKD mouse models tested.

Genetic inactivation of Kcnnd attenuates severity of cystic disease in an early-onset Pkd1 mouse model. Delayed
cyst growth in Pkdl~~ metanephroi genetically deficient in Kcnn4 spurred in vivo studies of KCa3.1 func-
tion in mouse ADPKD models by generating PkdI* mice with inactivated Kcnn4 alleles. Pkd1%;Kcnn4'~
(P10) kidneys were smaller than those of PkdI*, with greater parenchymal preservation (Figure 6, A and
B), consistent with decreased P5 and P10 respective kidney/body weight ratios 2KW/BW) of ~30% and
~20%, versus PkdI* (Figure 6C). Semiquantitative histologic analysis of PkdI%’;Kcnn4~'~ kidneys revealed
20% reduction in cyst area and number versus Pkd[* (Figure 6, D and E).

Pkd 1% kidneys developed cysts and tubular ectasia in distal tubules and collecting ducts (Figure 6F),
whereas proximal cysts were absent or infrequent (not shown), as detected by costaining with nephron
segment markers, Lotus tetragonolobus lectin (LTL; proximal tubules), Lycopersicon esculentum lectin (LEL;
distal convoluted tubules), and Dolichos biflorus agglutinin (DBA; collecting duct) (Figure 6F and Supple-
mental Figure 7A). Genetic inactivation of Kcnn4 in Pkd1 kidneys did not alter this segmental pattern, but
it did reduce by ~30% the number of cysts of distal tubule or collecting duct origin (Figure 6F). Despite
attenuation of the cystic phenotype, Pkd1%’;Kcnn4'~ lifespan was not prolonged, nor was blood urea nitro-
gen (BUN) significantly lower, compared with PkdI# mice. Nonetheless, the up to ~5-fold increased fibro-
sis (Sirius red) in P10 PkdI* kidneys was significantly reduced by Kcnn4 inactivation (Figure 6G). Prolif-
erative index (Ki67 positivity) in PkdI* kidney tubular epithelial and interstitial cells was also strongly
attenuated in Pkd1%;Kcnn4~'~ kidneys (Figure 6H). These results support Kcnnd’s important contributions
to both PKD renal fibrosis and proliferation.

PKD-associated upregulation of cAMP levels in PkdI* kidneys was strikingly decreased by Kcnn4
inactivation (Figure 6I). Molecular signaling responses of elevated ERK and c-Myc in Pkd[* kidneys were
also markedly diminished in the absence of Kcnn4 expression (Figure 6J), suggesting KCa3.1 involvement
in the cAMP proliferative pathway. As increased cAMP levels elongate primary cilia in IMCD cells (55),
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Figure 5. Signaling effectors associated with cyst enlargement in kidneys of 4 Pkd1 models. (A) Renal cAMP in P10
WT Pkd1+* (open circles) and Pkd1% mice (black); 5-6 wk Pkd7*/* and 8Pkd1 mice (blue); 6-8 mo Pkd1*/* and Pkd1** mice
(green). **P < 0.01; ***P < 0.001; ****P < 0.0001. (B) Immunoblots of pERK/ERK and c-Myc (left) and densitometric
quantitation (right) in P10 Pkd1+** (open circles) and Pkd1< kidneys (black). ***P < 0.001; ****P < 0.0001. (C) Immu-
noblots of pERK/ERK and c-Myc in P10 Pkd7*/* (open circles) and Pkd1%" kidneys (caramel), quantitated as in B. **P <
0.01; ***P < 0.001. (D) Immunoblots of pERK/ERK and c-Myc in 5-6 wk Pkd7+* (open circles) and *®Pkd1 kidneys (blue)
quantitated per B. *P < 0.05; **P < 0.01. (E) Immunoblots of pERK/ERK and c-Myc in 6-8 mo Pkd7*/* (open circles) and
Pkd1*t kidneys (green) quantitated per B. ***P < 0.001, A-E, Student’s t test, 1-tailed.

we noted that cilia of P10 Pkd% tubular epithelial cells were consistently longer than in PkdI*/* kidneys
(Figure 6, K and L). Notably, PkdI*;Kcnn4"'~ renal tubular cells exhibited a significant leftward shift in
ciliary length distribution towards] the WT pattern (Figure 6L), consistent with reduction of mean ciliary
length (3.76 £ 0.57 um; P < 0.005) versus P10 PkdI% (5.08 £ 0.67 um). These results support a role of
Kcnnd4-encoded KCa3.1 in cAMP signaling, cyst enlargement, cyst cell proliferation, and ciliary length
determination in rapidly progressive mouse models of ADPKD.

Genetic inactivation of Kcnnd markedly improves kidney disease in an adult Pkd1 mouse model. To investigate a
potential role of KCa3.1 in the more slowly progressive mouse ADPKD model ?Pkd1, we generated S5Pkd 1
mice with genetic inactivation of Kcnn4. S’ Pkd1;Kcnn4~- mouse kidneys were smaller (Figure 7A), with few-
er cysts (Figure 7B) and ~44% lower 2KW/BW ratio than *Pkd! kidneys (Figure 7C). Cyst area and cyst
number were both lower in ?PkdI;Kcnnd '~ kidneys than in ®Pkd1 kidneys (Figure 7, D and E). Increased
BUN in *2Pkd] was ~60% reduced in the absence of Kcnn4 expression (Figure 7F). Genetic inactivation of
Kcnn4 decreased the proportions of cystic distal tubules and collecting ducts (Figure 7G and Supplemental
Figure 7B). Interstitial fibrosis evident in aging ®Pkd! kidneys was reduced ~50% in the absence of Kcnn4
(Figure 7H). Elevated renal cell proliferation in ®Pkd] mice, as evidenced by Ki67 staining, was nearly nor-
malized in ?Pkd] mice lacking Kcnn4 expression (Figure 7I). Pathologically increased renal cAMP content,
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Figure 6. Kcnn4 genetic inactivation attenuates PKD pathology in Pkd71° mice. (A) Representative P10 kidneys from Pkd1+* (open circles), Pkd1 (black), and
Pkd1%;Kcnn4~/~ mice (burgundy). Scale bar: 5 mm. (B) Representative HGE stained axial sections of P10 Pkd1*/*, Pkd1, and Pkd1°;Kcnn4~- kidneys. Scale bar:
1mm. (C) 2KW/BW (%) in P5 and P10 mice, color-coded as in A, Pkd1*/* (P5, n = 39; P10, n = 117), Pkd1*° (P5, n = 38; P10, n = 98), and Pkd1%°;Kcnn4~ - (P5, n =
26; P10, n = 110). **P < 0.01; ****P < 0.0001, ANOVA. (D) Kidney cyst area color-coded as in A. *P < 0.05; ***P < 0.001; ****P < 0.0001, ANOVA. (E) Kidney
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cyst number color-coded as in A. **P < 0.01, Student’s t test, 1-tailed. (F) Merged images of cystic tubules in P5 Pkd1**, Pkd1%, and Pkd1%;Kcnn4~/- kidneys
stained with nephron segment-specific lectin markers for proximal (LTL), distal (LEL), and collecting duct (DBA) (Supplemental Figure 7A for unmerged
images). Graph shows percent lectin-positive cystic tubules, genotypes color-coded as in A. *P < 0.05; **P < 0.01, Student’s t test, 1-tailed. Proximal tubule
dilatation was subthreshold for cyst designation. (G) Sirius red staining of renal fibrosis in P10 Pkd1*/*, Pkd1% and Pkd1%°;Kcnn4~- mice. Graph shows
percent fibrotic index, genotypes color-coded as in A. *P < 0.05; ***P < 0.001, ANOVA. (H) Epithelial cell proliferation (Ki67*) in P10 Pkd1*/*, Pkd1®°, and
Pkd1%;Kcnn4- kidneys. Graph shows Ki67* cells/mm?, genotypes color-coded as in A. *P < 0.05; **P < 0.01, ANOVA. (1) Kidney cAMP in P10 Pkd1%°; Kcnn4/-
(burgundy circles) versus Pkd1®° mice (black, data from Figure 5A). **P < 0.01, Student’s t test, 1-tailed. (J) pERK/ERK and c-Myc immunoblots of P10 Pkd1%°
and Pkd1¢;Kcnn4~- kidneys, GAPDH loading control. Graph of normalized pERK/ERK and c-Myc levels, genotypes color-coded as in A. *P < 0.05; **P < 0.01,
Student’s t test, 1-tailed. (K) a-Acetylated tubulin in cilia of P10 Pkd1*+, Pkd1 and Pkd1®°;Kcnn4~/- kidneys. (L) Binned ciliary lengths in P10 Pkd1*/*, Pkd1<,
and Pkd1¢;Kcnn4- kidney sections, color-coded as in A. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, ANOVA. Scale bars: 6 pm.

pPERK/ERK ratio, and c-Myc abundance in “®Pkd! kidneys were reduced in the absence of Kcnn4 expres-
sion (Figure 7, J and K). Typically elongated primary cilia of ?Pkd! kidneys were normalized by genetic
ablation of Kcnn4, as measured by ciliary length distribution in renal epithelial cells (Figure 7, L and M).
Most dramatically, Kcnnd genetic inactivation in $Pkd] mice extended median lifespan by ~40% and maxi-
mal lifespan by 58% (Figure 7N). As S2Pkd] mice display no extrarenal pathology (37), their delayed demise
was plausibly attributable to slowed onset of renal failure. These data demonstrate a crucial role for Kenn4
in regulation of multiple cellular indices of PKD progression in the slowly progressive ?Pkd] mouse model
of ADPKD, including cyst enlargement, cell proliferation, renal fibrosis, and ciliary length control. The
beneficial effects of Kcnn4 genetic inhibition in orthologous Pkd! mouse models, therefore, prompted tests
of KCa3.1 pharmacologic inhibition on disease progression.

KCa3.1 inhibitor senicapoc attenuates the course of PKD progression in 4 mouse models. We tested senicapoc
efficacy in early-onset, rapidly progressive loss-of-function Pkd1*° and Pkd1"’" mice and in slowly or moder-
ately progressive ®Pkdl and Pkd1" transgenic PKD models with gradual disease progression more closely
resembling human PKDI-mutant ADPKD. Initiation times and durations of senicapoc treatment were
chosen according to phenotype severity and to minimize attrition in vehicle-treated groups. Senicapoc (120
mg/kg/day) or vehicle (PEG/cremophor) was delivered orally to pups of both sexes from P2 to P5 for
Pkd1* (Figure 8A) or to P10 for Pkd1"’” (Figure 8D), concomitant with gavage of suckling dams from
birth to P5 or P10, respectively. Mouse pups maintained normal growth without apparent adverse effects.
Senicapoc treatment decreased cyst number ~20%-25% in P5 Pkd I mice without parallel decrease in cyst
area or 2KW/BW ratio but reduced renal fibrosis ~50% (Figure 8, B and C). Longer senicapoc treatment
of P10 Pkd1"" mice reduced 2KW/BW ratio and cyst area ~25%—-30% and reduced fibrosis ~85% versus
vehicle-treated Pkd1”"" mice (Figure 8, E and F).

S8Pkd] mice (from age 3 weeks [wk]) and PkdI* mice (from age 6 wk) were treated 12 wk by daily
gavage with 120 mg/kg senicapoc or vehicle (PEG/cremophor) (Figure 9, A and D). The different ages of
treatment initiation reflect the times at which detectable cysts appear in the 2 models. Growth curves of
mice treated 12 wk with drug or vehicle were very similar (Supplemental Figure 8). BUN was unchanged
in senicapoc-treated S?Pkd mice, but 2KW/BW ratio, cyst area, and cyst number decreased (or trended so),
with ~50% reduced fibrosis (Figure 9, B and C). Whereas senicapoc treatment did not decrease 2KW/BW
ratio in Pkd " mice, cyst area and numbers were reduced 40%—-60%, with renal fibrosis reduced 50%—-60%
(Figure 9, E and F). Notably, BUN was reduced 40% in PkdI* mice treated 12 wk with 120 mg/kg/day
senicapoc, consistent with slowed renal functional decline (Figure 9F). These results document that phar-
macological inhibition of KCa3.1 partially phenocopies genetic inactivation of Kcnn4 in slowing PKD
progression in mouse models. The data provide the first in vivo evidence to our knowledge supporting ther-
apeutic potential of senicapoc as a well-tolerated oral treatment to slow cyst growth and slow total kidney
volume increase in patients with ADPKD.

Discussion

This study has identified Kcnn4-encoded Ca?*-activated potassium channel KCa3.1 as a major regulator of
PKD pathogenesis ex vivo and in vivo. Upregulation of KCNN4 expression in human ADPKD kidneys, as
well as in kidneys of several mechanistically distinct Pkd/ mutant mouse models, is consistent with a role of
KCa3.1 in cystic kidney disease. Ex vivo exposure of metanephroi to a pharmacologic activator of KCa3.1
potentiated cyst initiation and progression, whereas exposure to pharmacologic inhibitors of KCa3.1 either
prevented cyst enlargement or promoted complete cyst regression. Genetic ablation of Kcnn4 in multiple
orthologous murine Pkd/ models attenuated or normalized several upregulated PKD cellular and signaling
pathways and, in some models, improved renal function and prolonged lifespan. Treatment with KCa3.1

JCl Insight 2025;10(20):e191311 https://doi.org/10.1172/jci.insight.191311 10
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Figure 7. Kcnn4 inactivation in S®Pkd1 mice attenuates cellular and molecular indices of disease progression, kidney function decline, and extends lifes-
pan. (A) Kidneys from 6-8 mo Pkd1*/*(open circles), S®Pkd1 (blue), and *®Pkd1;Kcnn4~/- mice (light blue). Scale bar: 5 mM. (B) Histologic sections (H&E) of
Pkd1++, *6Pkd1 and *Pkd1;Kcnn4~/- kidneys. Scale bar: 100 pM. (C) 2KW/BW ratio in 6 mo mice, genotypes color-coded as in A. **P < 0.01, Student's t test,
1-tailed. (D) Cyst area in Pkd1**, *®Pkd1, and *Pkd1;Kcnn4~'- kidney sections, color-coded as in A. ***P < 0.001, Student’s t test, 1-tailed. Scale bar: 100 pM.
(E) Cyst number/mm? in Pkd1*/*, *8Pkd1, and *Pkd1;Kcnn4~/- kidneys color-coded as in A. ****P < 0.0001, Student’s t test, 1-tailed. (F) Blood urea nitrogen
(BUN) in 6 mo Pkd1+*+, *8Pkd1, and *.Pkd1;Kcnn4~- mice color-coded as in A. ****P < 0.0001, ANOVA. (G) Merged images (unmerged in Supplemental Figure
7B) of cystic tubules from 2 mo Pkd1*/*, $8Pkd1 and *®Pkd1;Kcnn4~- mice stained by segment-specific lectin markers LTL, LEL, and DBA. Graph shows per-
cent lectin-positive cystic tubules, genotypes color-coded as in A. ***P < 0.001, Student’s ¢ test, 1-tailed. Proximal tubule dilatation was below detection
threshold. (H) Sirius red staining of fibrosis in 6-8 mo Pkd1*/*, *8Pkd1 and *8Pkd1;Kcnn4~- kidneys. Scale bar: 100 pM. Graph shows percent fibrotic index,
genotypes color-coded as in A. **P < 0.01; ****P < 0.0001, ANOVA. (1) Ki67 immunostaining of 6-8 mo Pkd1*/*, *8Pkd1 and *Pkd1;Kcnn4~'- kidneys. Graph
shows Ki67* cells/mm?, genotypes color-coded as in A. ***P < 0.001; ****P < 0.0001, ANOVA. Scale bar: 100 pM. (J) Kidney cAMP in 2 mo *8Pkd1;Kcnn4-
versus *8Pkd1 mice (data from Figure 5A), genotypes color-coded as in A. *P < 0.05, Student’s t test, 1-tailed. (K) pERK/ERK ratio and c-Myc immunoblots
of 6 mo *Pkd1 and *8Pkd1;Kcnn4~- kidneys. Graph of normalized pERK/ERK ratio and c-Myc levels, genotypes color-coded as in A; ***P < 0.001, Student’s
t test, 1-tailed. (L) a-Acetylated tubulin in cilia (arrowheads) of Pkd1+/*, S8Pkd1 and *8Pkd1;Kcnn4~- kidneys. Scale bar: 20 pM. (M) Binned ciliary lengths in
Pkd1++, *6Pkd1 and *Pkd1;Kcnn4~/- kidney sections, color-coded as in A. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, ANOVA. (N) Kaplan-Meier
survival curves of *8Pkd1 (blue, n = 115) and *Pkd1;Kcnn4~/- mice (light blue, n = 121). P < 0.0001, Log-rank test.

inhibitor senicapoc completely or partially phenocopied genetic deletion of Kcnn4 in 4 Pkdl mouse models,
2 featuring early disease onset with rapid progression and 2 of later onset with slower rates of progression.
These results position senicapoc, a drug well-tolerated in human clinical trials across multiple disease set-
tings, as a promising candidate for Phase 1b—2a clinical trial in human ADPKD.

Striking upregulation of KCNN4 expression in kidneys of all tested patients with ADPKD was reca-
pitulated in all mechanistically distinct Pkd/ animal models examined, whether associated with loss of
Pkd1 expression, partial Pkd! loss of function, or Pkdl overexpression. These results validate significant
increases of KCNN4 expression in ADPKD kidney cells heterozygous for PKDI mutant Q2556X (56) and
in ADPKD single nucleus RNA-seq (snRNA-Seq) data from humans with advanced disease (57). Increased
renal Kenn4 RNA expression in cyst epithelium and surrounding tissue was consistent with contributory
roles in cystogenesis and/or cyst enlargement. The association was further supported by the selectively
increased Kcnn4 expression relative to several other tested ion channels and transporters contributing to
cyst fluid secretion. Kcnnd/KCNN4 expression is near or below sc/snRNA-Seq detection thresholds in adult
kidneys or isolated nephron segments of mouse (58-62), rat (63), zebrafish (64), and human (https://esbi.
nhlbi.nih.gov/MRECA/Nephron/), whereas Kcnn4/KCNN4 expression was easily detected in embryonic
kidneys of mouse (Supplemental Figure 1D) (65), zebrafish (64), and human (66). Elevated renal expres-
sion pattern of KCNN4 in ADPKD kidneys is consistent with our longstanding view that cystic epithelium
reflects either failure to mature from a renal developmental program (67) or pathological dedifferentiation
toward an immature epithelial phenotype (68, 69). The latter includes transition from an absorptive to
(“less differentiated”) secretory phenotype (70, 71). Importantly, our data suggest Kcnn4 as a procystogenic
regulator in mouse and human ADPKD kidneys.

Our studies in Pkd! mouse models demonstrate strong correlation of Kcnn4 expression status with cAMP/
ERK/cMyc signaling in progression of cyst growth. Kidney cyst expansion in mice, whether in settings of
decreased or increased PkdI expression, was consistently associated with elevated levels of cAMP, known to
promote growth, proliferation, and secretion in cultured human ADPKD epithelial cells (47, 72, 73). cAMP
may also indirectly activate KCa3.1 activity in some experimental systems (32, 74, 75). Increased in vivo cAMP
levels accompanied by activation of ERK signaling in our mouse models reinforce a form of signaling crosstalk
previously reported in ADPKD cells (76, 77). The downstream effector of ERK, c-Myc (78, 79), is markedly
increased in kidneys of our mouse models. Moreover, transgenic Myc overexpression in mouse kidneys induces
a PKD phenotype (30), with Kcnn4 upregulation and increased cAMP levels. As a central proliferative and
metabolic node, c-Myc is viewed a master regulator in ADPKD (31, 80). Concomitant increases of renal Myc
and Kcnn4 expression in our PKD mouse models corresponding with those in human ADPKD (29) are consis-
tent with ¢-Myc regulation of Kcnn4 expression (28). The similar endogenous developmental expression profiles
of Myc and Kcnn4 in human and mouse further supports a regulatory interaction. Conversely, reductions in
cAMP, ERK, and c-Myc levels, along with decreased cyst growth upon Kcnn4 inactivation in PKD mouse
models, revealed a molecular signature dynamically linked to cyst formation. These results suggest a possible
mechanistic relationship integrating cAMP, ERK, c-Myc, and Kcnn4/KCa3.1.

Kcnn4/KCa3.1 was procystogenic and prosecretory in mouse embryonic kidneys ex vivo by sev-
eral criteria. The KCa3.1 agonist induced cyst formation and growth in WT mouse metanephroi in a
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Figure 8. KCa3.1 inhibitor senicapoc reduces cyst growth in 2 early-onset Pkd1 mouse models. (A) Oral treatment of
Pkd1° mice (black-rimmed circle) with 120 mg/kg senicapoc (red arrow). Senicapoc or vehicle was administered daily by
oral gavage to suckling mothers from PO to P5 and, in addition, directly into mouths of suckling pups from P2 to P5. (B)
H&E kidney sections from P5 Pkd1% mice treated with vehicle (PEG/Cremophor; black-rimmed gray circle) or seni-
capoc (120 mg/kg; black-rimmed red circle). Scale bar: 1 mm. (C) 2KW/BW ratios, percent cyst area, cyst number, and
fibrotic index in vehicle- or senicapoc-treated Pkd1* pups, color-coded per B. **P < 0.01; ***P < 0.001, Student’s t test,
1-tailed. (D) Oral treatment of Pkd1"/¥ mice (caramel-rimmed circle) with 120 mg/kg senicapoc (red arrow). Senicapoc or
vehicle was administered daily by oral gavage to suckling mothers from PO to P10 and, in addition, directly into mouths
of suckling pups from P2 to P10. (E) H&E kidney sections of P10 Pkd1”V mice treated with vehicle (caramel-rimmed gray
circle) or senicapoc (caramel-rimmed red circle). Scale bar: 1 mm. (F) The 2KW/BW ratios, percent cyst area, cyst num-
ber, and fibrotic index in vehicle- or senicapoc-treated Pkd1”" pups, color-coded per E. **P < 0.01; ***P < 0.001; ****P <
0.0001, Student’s t test, 1-tailed.

concentration-dependent manner. KCa3.1 agonist also potentiated increased cyst formation in Pkdl~~
metanephroi. Genetic inactivation of Kcnn4 in Pkdl~~ metanephroi markedly delayed cyst initiation and
growth. This inactivation was phenocopied by exposure to KCa3.1 inhibitor, senicapoc, which nearly
completely prevented cyst formation and growth in Pkd/~~ metanephroi. Delayed senicapoc treatment of
already cystic Pkd1~~ metanephroi caused rapid cyst regression and restoration of a nearly normal tubular
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Figure 9. KCa3.1 inhibitor senicapoc reduces cyst growth in 2 late-onset Pkd1 mouse models. (A) Treatment of postweaning (3 wk) *3Pkd7 mice (blue-
rimmed circle) with 120 mg/kg senicapoc (red arrow, 12 wk daily oral gavage). (B) H&E kidney sections from 15 wk *Pkd1mice treated 12 wk with vehicle
(blue-rimmed gray circle) or senicapoc (120 mg/kg, blue-rimmed red circle). Scale bar: 200 um. (C) The 2KW/BW ratio, percent cyst area and number,
fibrotic index, and BUN in vehicle- or senicapoc-treated *8Pkd7 mice color-coded per B. *P < 0.05; **P < 0.01, Student’s t test, 1-tailed, Welch-corrected.
(D) Treatment of 6 wk Pkd7** mice (green-rimmed circle) with 120 mg/kg senicapoc (red arrow, 12 wk daily oral gavage). (E) HGE kidney sections from 18 wk
Pkd1t mice treated 12 wk with vehicle (green-rimmed gray circle) or senicapoc (120 mg/kg, green-rimmed red circle). Scale bar: 200 um. (F) The 2KW/BW

ratio, percent cyst area and number, fibrotic index, and BUN in vehicle- or senicapoc-treated Pkd7** mice, color-coded per E. **P < 0.01; ****P < 0.0001,
Student’s t test, 1-tailed.

morphology in metanephroi. This mechanism during developmental stages may reflect underlying cell
plasticity, as defined by cellular ability to change phenotype or identity in response to external stimuli,
without alteration of genomic DNA sequence (81, 82). The result suggests possible small molecule—reg-
ulated plasticity manifest as reversal of the cystic tubular epithelium functional state, perhaps through
activation of cellular regeneration and/or renal repair processes. The results indicate that KCa3.1 exerts
not only procystogenic and prosecretory functions in mouse metanephroi but that it also might influence
renal epithelial plasticity.

Genetic inactivation of Kcnn4 in rapidly and moderately progressive Pkdl mouse models significantly
delayed cyst growth, with substantial reduction in cellular, molecular, and physiologic hallmarks of PKD.
Attenuated cyst growth in each disease model is demonstrated by reduced 2KW/BW ratio, cyst area, and
cyst number. The important attenuation of renal fibrosis in these models is consistent with the antifibrotic
actions of KCa3.1 inhibitors in mouse models of unilateral ureteral obstruction (83), diabetic kidney dis-
ease (84), and cisplatin-induced acute kidney injury (85), as well as in liver (86), lung (87, 88), and other
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extrarenal tissues. The marked reduction in renal cell proliferation by genetic inactivation of Kcnn4 in
tested PKD mouse models is consistent with antiproliferative effects of KCa3.1 inhibitors in T cells and
vascular smooth muscle cells (89-91) but at variance with KCNN4 knockdown in epithelial cells or primary
cultures of human ADPKD kidney cells (32). Our consistent findings of elevated renal cAMP content in
tested Pkd mouse models reinforces original observations of increased cAMP in cultured human cyst epi-
thelial cells (92) and in the Pkd1%¢/%¢ mouse model of ADPKD (93). Reduced cell proliferation in response
to Kcnn4 inactivation was associated with reduction in elevated levels of cAMP, ERK phosphorylation,
and Myc abundance in murine PKD kidneys. Ciliary elongation detected in Pkdl mouse models (36) was
reversed upon Kcnnd4 genetic inactivation, consistent with reduction in cAMP levels. Of particular interest,
genetic inactivation of Kcnn4 in moderately progressive disease models not only attenuated deterioration
of renal function but also extended life span. These striking outcomes paralleled cellular and physiologic
improvements, with partial normalization of PKD-associated alterations in signaling.

Pharmacological inhibition of KCa3.1 by oral administration of senicapoc phenocopied, to a large
degree, the beneficial effects of Kcnn4d KO in PKD mouse models, without apparent toxicity. Admin-
istration of senicapoc at seemingly high dose was justified by the short 1h to 2.5h half-life of seni-
capoc in murine plasma (49) versus the long ~12.8 day plasma half-life in humans (94). The estimated
human equivalent dose suggests clinical translatability of our mouse dosing to below the 10-40 mg/
day doses tested without toxicity in humans. Our results in 2 rapidly progressive Pkdl/ mouse models
strongly support senicapoc’s ability to delay early-stage increases in renal cyst number and fibrosis
with only 5 days’ treatment and its ability to slow cyst enlargement and fibrosis over a 10-day treat-
ment course. Considering the rapid progression of cyst growth, short treatment duration and very
short drug half-life combined with only twice-a-day administration, the potential therapeutic effect of
senicapoc was very likely underestimated. Once-daily oral senicapoc treatment of the 2 more slowly
progressive Pkdl mouse models for 12 wk markedly attenuated renal cyst growth and number, reduced
fibrosis, and slowed deterioration of renal function. Changes in disease indices (2ZKW/BW ratio, cystic
index, BUN, fibrosis) in response to senicapoc treatment indicated efficacy at least equivalent to that
reported for tolvaptan in polycystic PkdIR“/R¢, iKspCre-Pkd1%!, pcy mice, and PCK rats (95-98). Our
findings thus demonstrate that Kcnn4-encoded KCa3.1 is a regulator of PKD progression with substan-
tial therapeutic potential.

Although genetic inactivation of Kcnn4 and treatment with the KCa3.1 inhibitor senicapoc both slowed
cyst growth, neither intervention eliminated cyst growth. Activity of additional cyst epithelial cell K* chan-
nels may contribute to basolateral K* recycling required to sustain ongoing apical secretion of Cl- and water
into the cyst lumen. Most transcripts appear decreased or unchanged in ADPKD kidneys (57), consistent
with our data and with previous observations in mouse (44, 46, 96) and humans (45, 99). However, com-
parative transcriptome analysis of human “normal” and ADPKD renal epithelial cell lines revealed upreg-
ulation of voltage-dependent K* channel KCNQI1 and of the KCNSI silent regulator of voltage-dependent
KCNB K* channels (56). Relationships between KCa3.1-driven ADPKD cyst formation and enlargement
and other possibly contributing K* channels remain to be determined.

Beneficial outcomes of senicapoc treatment in all tested Pkd/ mouse models strongly recommend tri-
al of senicapoc as a therapeutic approach to ADPKD treatment. Senicapoc is well tolerated in humans,
even in those affected with sickle cell disease (24, 48, 100), asthma (Pfizer), and Alzheimer disease (49).
Senicapoc has not been associated with hepatotoxicity in humans or mice. Although we have shown here
senicapoc’s therapeutic potential as a single agent, senicapoc may also prove useful in reducing dosage of
tolvaptan, the only currently approved ADPKD treatment. We therefore suggest that combination therapy
of senicapoc and reduced-dose tolvaptan might increase patient compliance by reducing tolvaptan poly-
uria, polydipsia, and hepatotoxicity. Such combination therapy could also preserve or enhance, additively
or synergistically, tolvaptan-associated effects on reducing growth in total kidney volume and slowing renal
function decline. Our ex vivo results also suggest that senicapoc could potentiate or synergize with selective
inhibitors of cyst epithelial CI” channels, when available.

Our study has several limitations. First, mouse models of ADPKD only partially recapitulate human
ADPKD. Second, senicapoc trials in mice require at least twice-a-day dosing to maintain plasma drug lev-
els adequate for target engagement, posing safety challenges for gavage or i.p. administration over periods
of weeks to months. We conducted our long-term experiment on slowly progressive model adults with
once-a-day dosing. We were nonetheless able to show partial senicapoc efficacy in all 4 genetically distinct
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PKD mouse models tested. The longer half-life of senicapoc in humans allows reliable achievement of
drug levels consistent with target engagement. Third, further genetic experiments restricting Kcnn4 KO to
epithelial cells, as opposed to fibroblasts, myeloid, lymphoid, and other cells, are needed to delineate each
cell type’s contribution to PKD progression in mouse models.

In conclusion, our results demonstrate that both genetic inactivation and pharmacological inhibition
of Kenn4/KCa3.1 can decrease and delay progression of PKD ex vivo and in multiple Pkd/ mouse mod-
els. Beneficial outcomes of senicapoc treatment reinforce the therapeutic strategy of targeting epithelial
fluid secretion system to halt ADPKD progression. Our study on Kcnn4/KCa3.1 inhibition recommends
advancement of senicapoc pharmacotherapy into clinical trial in patients with ADPKD, initially as sole
agent and subsequently, as part of combination therapy.

Methods
Sex as a biological variable. As ADPKD affects males and females equally in the models studied. We report
data from pooled males and females in roughly equal numbers.

Metanephroi culture. E14.5 embryonic kidneys dissected from Pkd1*/~ mice intercrosses were PCR-geno-
typed to select Pkd1*/* and Pkdl”- metanephroi and were then placed on transparent 0.4 mm inserts (Falcon)
in 12 or 24 well plates (Fisher). Basal compartment culture medium was DMEM:F12 plus sodium bicar-
bonate, HEPES, Insulin-Transferrin-Selenium cocktail, prostaglandin E2, and penicillin and streptomycin
(Wisent). Metanephroi were cultured < 6 days in a humidified 37°C incubator. Reagents added to media 24h
after dissection with replacement every 48h included, 8-Br-cAMP (Sigma), SKA-111 (Aobious), senicapoc
(BOC Sciences) or TRAM-34 (Tocris), PPQ102 (Tocris) and CaCCinh-A01 (Millipore-Sigma), and vehicle
(0.1% DMSO, 3-fold below detectable effect on metanephroi). Metanephroi were brightfield-imaged daily at
4X (Axiovert S100TV). Cyst counts and areas were measured (Volocity, Quorum Technologies).

Animal models and genotyping. Pkdl”'~ (Pkd1""'5") (101), Pkd " (Pkd1"?°%¥) (102), Ksp-cadherin;Cre (Tg[C-
dh16-cre]911Igr) (103), Kenn4 /- (Kennd™Vem) (25) and knock-in Pkd1"'V (Pkd ™74 mice (34, 35) were gifts
of S. Somlo (Yale, New Haven, CT), G. Germino (NIDDK, Bethesda, MD), P. Igarashi (Stony Brook Uniy,
NY), J. Melvin (formerly NIDDS, Bethesda, MD), and F. Qian (U Maryland, Baltimore, MD). Transgenic
lines overexpressing full-length PkdI gene, ?Pkd1 (line 39, Tg[Pkd1]39Mtru) and Pkdl ,, 26 (PkdI", Tg[P-
kd1]26MTru) were previously described (36, 37). All mouse lines were individually bred into C57BL/6J
background. These mice were crossed with Kcnn4~~ mice to obtain Pkd1~'~;Kcnn4~'~ metanephroi, and Pkd-
1%, Kenn4™'~ and SPPkd1;Kcnn4~~ mice. Genotypes were identified by PCR as previously (31, 104). Supple-
mental Table 1 lists PCR primers.

Mouse tissue samples. Kidneys and blood were collected at P5 and P10 for PkdI% and Pkd1"’", and at
1-2 mo and 6-8 mo for 8Pkd1, PkdI* and corresponding age-matched WT mice. Kidney weights and body
weights were recorded. Each kidney was hemisectioned, with 1 half snap-frozen for cAMP measurement
and RNA /protein extraction, and 1 half formalin-fixed overnight for paraffin-embedding, histochemistry,
in situ hybridization and Ki67 staining. P10 PkdI* and 6-8 mo ’PkdI mice with/without Kcnnd inactiva-
tion were perfused and kidneys OCT-embedded for a-acetylated tubulin immunostaining.

RNA isolation and gPCR analysis. Surgically excised human ADPKD and nominally normal kidneys (29)
and mouse renal and extrarenal tissues were extracted for RNA by TRIzol/chloroform and reverse tran-
scribed. Duplicate qPCR reactions carried out (TagMan master mix) and predesigned duplex gene expres-
sion assays for human KCNN4 (4453320, FAM-MGB) were normalized to control (HPRT, HS00158470-m1,
VIC-MGB) (Applied Biosystems). Triplicate gPCR reactions for Kenn4, Agpl, Agp2, Nkccl, Nkcc2, Cfir, and
Anol were normalized to S16 and/or B-actin. Supplemental Table 2 lists qPCR primers. Data from Quant-
Studio Real-Time PCR Software were analyzed in Excel/Prism and expressed as fold change.

Protein extraction and immunoblotting. Frozen kidneys were homogenized in RIPA buffer (20 mM
Tris [pH 7.5], 2 mM EDTA pH 8, 150mM NaCl and 0.5% Triton X100) supplemented with PMSF (1
mM, Sigma) and proteinase inhibitor cocktail buffer (Sigma). Protein concentration (BCA or Bradford
assay) was standardized versus bovine serum albumin (BSA, Sigma). Equal amounts of total protein
denatured 10 min at 95°C in Laemmli buffer were separated in 10% or 12% polyacrylamide gels by
SDS-PAGE and transferred overnight at 4°C to PVDF or nitrocellulose membrane, blocked 6 h at 4°C
in PBST with 0.1% Tween-20 and 5% milk, and then incubated overnight with primary anti-c-Myc,
anti-pERK, anti-ERK, or anti-GAPDH antibodies; rinsed multiple times; and incubated 4h at 4°C
with secondary antibodies. Supplemental Table 3 lists all antibodies, suppliers and catalogue numbers.
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Immunoblots were ECL-developed (Amersham) and exposed to X-ray film, with analysis by ImageJ
or ImageLab.

Histology and IHC. Formalin-fixed kidney sections (4-5 uM) were stained with H&E, Sirius Red (0.1%;
Sigma) or conjugated lectins (Supplemental Table 3). As previous studies revealed ~95% of WT tubule
diameters < 22um, with only 4.8% of tubule diameters > 22pm, 22um was selected as the threshold for
“cystic tubules” or “cysts” (80). Cyst number, percentage of cyst area, percentage of fibrosis, and percent-
age of cystic tubules were analyzed by Northern Eclipse (Empix Imaging), QuPath (105), or Volocity.

Proliferation assay. Proliferation was detected by sequential incubation of kidney sections with anti-Ki67
antibody and diaminobenzidine visualization (DAB, Vector Laboratories) (Supplemental Table 3) analyzed
by Northern Eclipse.

RNAScope in situ hybridization. Permeabilized kidney sections from P5 Pkd1%* and 4 mo ?Pkd] mice and
age-matched controls were hybridized with mouse Kcnn4 antisense probe (catalog 569381) and multiplex
fluorescent reagent Kit v.2 (ACD). Slides were incubated with Opal690 (Akoya Biosciences) for Kcnn4,
then mounted in Prolong Gold (Invitrogen). ACD-negative controls served as background. Slides were
imaged by DM6 microscope (Leica) as described (104).

Primary cilia measurement. Perfused kidney cryosections were stained with anti-acetylated-a-tubulin
antibody and anti-mouse IgG (Supplemental Table 3). Nuclei were DAPI stained. Sections were imaged by
DM6 microscope. Primary cilia length was measured in Volocity by manual tracing, binning by length, and
calculating percentage of total ciliated cells per bin.

cAMP measurement. Kidney lysate cCAMP was measured by direct cCAMP assay kit (Enzo) per manu-
facturer’s instructions. Frozen kidneys ground in liquid nitrogen were homogenized in 10 vol 0.1M HClI,
before being centrifuged (600g). Supernatants were added to the assay plate, along with serially diluted
cAMP standards. All samples were treated sequentially with cAMP antibody, substrate solution, and stop
solution before being incubated 1h at 20°C. Absorption at 405 nm allowed calculation of cAMP content in
pmol/mg protein.

BUN measurement. BUN was measured in mouse plasma samples using QuantiChrom Urea Assay Kit
(BioAssay Systems DIUR-100) per manufacturer’s instructions.

In vivo drug administration. Each adult mouse model (3 wk ?Pkd1, 6 wk PkdI*, and 6 wk C57BL6/7J)
was separated into 3 groups: untreated, PEG/cremophor-treated (vehicle-treated) control and 120 mg/kg
senicapoc in PEG/cremophor. Mice treated daily by oral gavage were sacrificed after 3 mo. Mothers of
early onset models PkdI* and Pkd1""” were treated with 120 mg/kg senicapoc in PEG/cremophor daily
from birth by oral gavage to transmit through maternal milk. Pups were also orally dosed 120 mg/kg seni-
capoc in PEG/cremophor twice daily from P2 until P5 or P10. The 2KW/BW ratio, kidney cyst area and
number, BUN and renal fibrosis were analyzed as above.

Statistics. Values were expressed as mean * SD. Statistical analysis of data sets (GraphPad Prism) was by
unpaired Student’s ¢ test with and without Welch correction, ANOVA, or log-rank test as appropriate. P <
0.05 was considered statistically significant.

Study approval. All animal experiments were approved by the Institutional Animal Care Committee
of Institut de recherches cliniques de Montréal and the Canadian Council of Animal Care (no. 2021-07).
Human kidney specimens were from Vivette D’Agati (Pathology Department, Columbia University, New
York, New York) under approved clinical investigation protocol.

Data availability. Primary values for all data points in graphs are reported and available in Supporting
Data Values file.
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