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Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is a hereditary disorder characterized by
abnormal cellular proliferation, cyst fluid accumula-
tion, extracellular matrix remodeling, and fibrosis in
the kidney and liver. ADPKD accounts for approxi-
mately 5% of the prevalent adult RRT (dialysis or
transplantation) population, with most cases resulting
from mutations in PKD1 or PKD2, which encodes
polycystin-1 (PC1) or polycystin-2 (PC2), respectively
(1). In contrast, autosomal recessive polycystic kidney
disease (ARPKD) is a rare and severe form of poly-
cystic disease affecting the kidneys and biliary tract of
children with an estimated incidence of 1 in 20,000 live
births (2). ARPKD develops in utero and is diagnosed
early in life, often prenatally. The clinical spectrum is
widely variable, with approximately 20% of cases se-
verely affected at birth, whereas the remainder are
affected more as juveniles. Clinical findings in ARPKD
include enlarged echogenic kidneys due to fusiform
dilation of the collecting ducts and dilated bile ducts
accompanied by congenital hepatic fibrosis resulting in
portal hypertension (2). Mutations in PKHD1 are re-
sponsible for most typical cases of ARPKD (3,4). It
encodes a heavily glycosylated approximately 450-kD
single-pass transmembrane protein, fibrocystin (FPC),
that localizes to the primary cilia, basal bodies, apical
membrane, and exosome-like vesicles in kidney and
liver epithelial cells (5-7). The function of FPC is largely
unknown, but it has been proposed to act as a ligand or
cell surface coreceptor that undergoes Notch-like pro-
cessing and plays a role in regulating mitotic spindle
orientation (8-10).

Several rodent models for ARPKD have been repor-
ted with all but one targeting the 5’ region of the Pkhd1
gene. These models invariably exhibit biliary cysts
accompanied by periportal fibrosis consistent with
the human disease (5,11,12). The renal phenotype is
mild in the rat model and largely absent from the
mouse models. Recently, Pkhd14°7, a mouse model
generated by lacking the last 137 amino acids of the
intracellular domain, had no discernible kidney or liver
phenotype, suggesting that the region of FPC required
for normal function in vivo resides in the extracellular

and transmembrane domains (13). A functional inter-
action between ARPKD and ADPKD has been de-
scribed whereby reduced dosage of Pkdl worsens
the ARPKD phenotype in mice (11,14). Cilia structure
and function have been strongly associated with fibro-
cystic genetic disorders collectively termed ciliopa-
thies. Models lacking cilia or having alterations in
the protein composition in cilia recapitulate fibrocystic
kidney and liver phenotypes, supporting the hypoth-
esis that kidney and bile duct cyst formation results
from aberrant ciliary function (15). Inactivation of PC1
or PC2, which is expressed on primary cilia, gives rise
to ADPKD; however, concomitant removal of cilia at
the time of Pkd1 or Pkd2 inactivation markedly reduces
cyst growth in vivo (16). These data show that ADPKD
occurs when intact cilia devoid of polycystins support
an unchecked activity that fosters cystic tissue remod-
eling by a cilia-dependent cyst-activating (CDCA)
signal.

Because the intact primary cilium is central to the
pathogenesis of ADPKD and a genetic interaction
between ADPKD and ARPKD exists, we sought to
determine whether intact cilia affect the phenotypic
expression of ARPKD. Here, we report that conditional
inactivation of cilia in mice with germline inactivation
of Pkhdl does not affect the in vivo phenotype. When
Pkhd1 inactivation is combined with haploinsufficiency
for Pkd1, the increased severity normally caused by this
combination is ameliorated by inactivation of cilia,
confirming the cilia dependence of the additive effect
of Pkd1 dosage reduction in ARPKD. Our data show
that unlike ADPKD, cyst formation due to loss of
germline Pkhd1 in ARPKD is not slowed by the absence
of intact cilia.

Materials and Methods
Mouse Strains and Histology

The mouse strains used in this study have previously
been described: Pkhd19# (5), Kif3ao* (16), UBC-creFR
(16), and Pkd1*/~ (14). These animals are predomi-
nantly on a C57BL/6 genetic background. UBC-crefR
mice were induced with tamoxifen (T5648; Sigma)
delivered by intraperitoneal injection at a dose of
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2 mg daily from postnatal day 28 to 32. Mice were analyzed
at 17 weeks of age. At the end of the treatment, mice were
perfusion fixed with 4% paraformaldehyde, liver tissue was
harvested, and some tissue was embedded in paraffin for
histochemical analysis. Liver sections were processed and
stained with hematoxylin and eosin or other specific mark-
ers. The allocation of animals to experimental and control
groups was solely on the basis of genotype, irrespective of
sex and without any exclusions. All animals were used in
accordance with scientific, humane, and ethical principles
and in compliance with regulations approved by the Yale
University Institutional Animal Care and Use Committee.

Immunohistochemistry

For cytokeratin-19 (CK19; 1:100, TROMA III; DSHB Iowa)
immunostaining, sections were deparaffinized in xylene
(3%X10 minutes) and hydrated in ethanol (3X10 minutes)
followed by blocking in methanol:hydrogen peroxide (10%)
for 30 minutes at room temperature. EDTA antigen retrieval
was used to unmask the antigen recognized by the TROMA-
III antibody, and then, the samples were rinsed in 0.05%
Tween 20 in PBS (3X5 minutes; 1X PBS, pH 7.4), blocked
with 1% BSA prior to adding the primary antibody, and
incubated overnight at 4°C. The liver sections were
rinsed with 0.05% Tween 20 in 1X PBS (3X5 minutes),
incubated for 30 minutes at room temperature with second-
ary antibody (A10549; goat anti-rat horseradish peroxidase;
1:500; Invitrogen), and finally, developed with 3-3'-
diaminobenzidine according to the manufacturer’s instruc-
tions (Sk-4100; Vector Labs). The sections were counter-
stained with Harris hematoxylin (1:10, GH5380; Sigma)
for 10 seconds, washed in distilled water (10 minutes),
and dehydrated (ethanol [3X5 minutes] and xylene [3X5
minutes]) before being mounted using sub-X clearing media
(3801741; Leica Microsystems Inc.). Immunofluorescence
staining for cilia was performed on liver cryosections using
Arl13B (1:200, 17711-1-AP; Proteintech) as a ciliary marker
and E-cadherin (1:200, 610182; R&D transduction) to label
the biliary epithelia. The immunolabeling protocol was
carried out as previously described (16). The images were
obtained on a Nikon TE2000U microscope (Nikon,
Bloomfield, CT).

Morphometric Quantification of CK19-Positive Structures
and Cystic Index

Slides labeled with CK19 underwent computer-assisted
morphometric analysis using a motorized stage system to
scan the large liver lobe at 4X magnification and the Meta-
morph software (Molecular Devices, Downington, PA).
Data were expressed as the percentage of the whole-liver
lobe area occupied by CK19-positive cells. The setup con-
sisted of a Nikon Eclipse TE2000U microscope, a motorized
stage system (Rockland, MA), and a photometric cool snap
HQ digital camera (Roper Scientific, Tucson, AZ). Biliary
cyst analysis for the CK19 population and hepatic cystic
index were calculated as described (17). Data were expressed
as the percentage of the whole-liver lobe area.

Oil Red O Staining
Oil Red O working solution (00625-25G; Sigma) was
prepared with 60% isopropanol to make a 0.5% stock
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solution. The stock solution was diluted with double-
distilled water at a 3:2 ratio (3 ml of stock solution and 2 ml
of double-distilled water), filtered, and allowed to stand for
at least 10 minutes at room temperature; 8-um cryosections
of fixed liver tissue were cut and placed at room temper-
ature for 30 minutes. The slides were rinsed with 60%
isopropanol, then stained with freshly prepared Oil Red
O working solution for 15 minutes, and rinsed in 60%
isopropanol. The nuclei were stained with 10% Harris he-
matoxylin for 10 seconds and then rinsed with distilled
water. The slides were mounted with Mowiol mounting
medium and analyzed.

Sample Size and Power Calculation

Sample size and power calculations were performed us-
ing STPLAN (version 4.5; University of Texas, MD Ander-
son Cancer Center). Calculations were on the basis of the
following: the mean liver-body weight ratio in Pkhd]del4/del4
livers at 17 weeks is 6.15% (SD of *=0.72) on the basis of
empirical data. Our alternative hypothesis was that loss of
cilia in Pkhd1d#/e4 livers and cilia double-mutant livers
would result in a 20% decrease in liver-body weight ratio to
4.9% with a significance level («) of 0.05 (two sided). Under
these expectations, seven mice could achieve 80% power
and ten mice could achieve 95% power to detect the differ-
ence of 1.25 liver-body weight ratio between the null
hypothesis and the alternative hypothesis. Data were ana-
lyzed by one-way ANOVA followed by Tukey’ multiple-
comparison test with GraphPad Prism 8.4.1 software. The
Brown-Forsythe test or Bartlett test was used to test for the
equality of group variances. P=0.05 was considered signif-
icant. All data are presented as mean*SD.

Results

Because cilia transmit a cyst-promoting signal that is
activated upon removal of Pkdl or Pkd2, we investigated
whether a similar cilia-dependent signaling mechanism
modulates Pkhd1 liver cyst progression in an orthologous
model of ARPKD. The Pkhd14e#/#!4 mouse model develops
biliary cysts accompanied by periportal fibrosis (8). It has no
discernible kidney phenotype. To inactivate cilia in this
model, we used a tamoxifen-inducible UBC-creER that has
a general promoter (ubiquitin-C) active in many tissues,
including bile duct-derived epithelia (16). To draw direct
comparison with previous studies inactivating cilia in
ADPKD models, we used the Kif3a floxed allele for inducible
cilia inactivation (16). Mice were induced with tamoxifen
from postnatal day 28 to 32 to activate cre recombinase and
examined 13 weeks after the start of induction at age
17 weeks (Figure 1A). The extent of liver disease in the
Pkhd17*4!* animals at the time of tamoxifen administration
to initiate cilia inactivation was mild, with some bile
duct expansion reminiscent of von Meyenburg complexes
(Figure 1B). At 17 weeks, the Pkhd1“**!* animals devel-
oped more cystic bile ducts with increased liver-body
weight ratio and biliary structures as denoted by areas of
CK19-positive staining and increased hepatic cystic area
compared with littermate controls (Figure 1, C and D). Cilia
knockout double-mutant mice, UBC-crefR; Kszaﬂ/ﬂ;
Pkhd17#!4 | developed biliary cysts with quantitative he-
patic parameters indistinguishable from Pkhd1%*'* alone
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Figure 1. | Inactivation of cilia does not affect cyst progression in Pkhd17¢!#/de!4 Jivers. (A) Schematic diagram of the course of tamoxifen
induction for cilia inactivation and study end point. i.p., intraperitoneal. (B) Histologic representation of littermate control (arrowheads) and
Pkhd1del#/del4 (arrows) bile ducts at postnatal day 28 (P28) prior to inactivation of cilia. Pkhd19¢/#del ivers exhibit mild bile duct proliferation
accompanied by von Meyenburg complexes indicated by arrows. Scale bars, 500 um in 10X panel; 40 um in 40X panel. (C) Representative
hematoxylin and eosin (H&E)— and cytokeratin-19 (CK19)-stained sections show biliary epithelia of the indicated allelic combinations induced
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with tamoxifen from P28->2P and examined at 17 weeks of age. Single Kif3a knockouts (UBC-cretR; Kif3a " gray squares) show mild bile duct

proliferation as previously described (16). Pkhd19¢%@e!4 animals have extensive bile duct cystformation (blue squares), and double knockouts of
Pkhd1 and Kif3a (UBC-cret®; Kif3a ™" Pkhd 194!, yellow squares) showed no significant difference in cystic disease progression compared
with Pkhd19€/#4eH 3lone. Representative images of livers from Kif3a™"; Pkhd19¢#e!; pid1*/~ (red squares) show enhanced cystic disease
progression due to reduced Pkd1 dosage. This incremental worsening is improved upon removal of cilia in UBC-cref®; Kif3a ™"; Pihd1de!#/de!4,
Pkd1™~ (green squares). Scale bar, 500 uM. (D) Quantitation of differences in liver phenotypes at 17 weeks for the allele combinations in (C).
The color squares correspond to the genotypes in (C). Pkhd 19 (blue squares) shows significant increase in liver weight-body weight ratio,
CK19-positive population, and hepatic cystic area compared with littermate controls (black squares). Significant increase in CK19 population
and hepatic cystic area was observed in Pkhd 194! Jivers compared with Ubc-cref®; Kif3a™" livers (gray squares), but there was no difference
with UBC-cre™: Kif3a™". pkhd 19e!4/del4 (yellow squares) cilia and Pkhd1 double-knockout livers. Kif3a™": Pkhd 19!/l pkd 1%/~ (red squares)
mice with reduced PkdT7 dosage have significantly increased liver weight/body weight relative to all other groups, and inactivation of cilia in
these mice (UBC-cre™®; Kif3a ""; Pkhd19e"@!; pd1"/~; green squares) counteracts the effect of Pkd1 haploinsufficiency as indicated by
significantly improved liver weight-body weight ratio and hepatic cystic area. Each square represents a single animal; both males and females
were used. The absolute number of animals used for each genotype is displayed under the graph. Multiple group comparisons were performed using
one-way ANOVA followed by Tukey multiple comparison test and are presented as the mean*SD. *P=0.05; **P=0.01; ***P<0.001;
###%P<0.001. (E) Immunohistochemistry for Arl13b (red) and E-cadherin (green) in bile duct cysts from mice with loss of Pkhd1 alone or in
combination with conditional inactivation of Kif3a at 17 weeks of age. Cilia were present in the cyst lining epithelia of the Pkhd19##* mutant but

absent from the UBC-cre™; Kif3a™": Pkhd19#@ cells. The nuclei are marked by Hoechst stain in blue. Scale bar, 100 uM.

(Figure 1, C and D). Immunohistochemical analysis of cystic
epithelia with Arl13b antisera shows the presence of cilia in
the Pkhd17e4/del4 cyst lining epithelia, whereas the UB C-crefR;
Kif3a™"; Pkhd1%*H cystic epithelia were devoid of cilia
(Figure 1E). Removing cilia postnatally does not have a sig-
nificant effect on the liver cystic disease progression due to
loss of Pkhdl.

Previous work describes a genetic interaction between
Pkhd1 and Pkd1, with reduced Pkd1 levels worsening the
cystic phenotype in ARPKD models in both the kidney and
liver (5,11). In order to address whether loss of cilia can
ameliorate the cyst-promoting effect of reduced Pkd1 dosage
on a Pkhd1 loss of function background, we generated mice
with the following allelic combinations: Kif3 M. phdqdeidiets,
Pkd1*~ and UBC-cre™®; Kif3a™; Pkhd1%*""; pkd1*/~. All
animals were treated with tamoxifen following the same in-
duction regimen (Figure 1A). Loss of one copy of Pkdl in
Pkhd1-deficient bile ducts significantly increased the liver
weight-body weight ratio compared with the Pkhd1%4/
alone (Figure 1, C and D). Inactivating Kif3a (cilia) on this
background significantly improved the presumed Pkdl-
dependent component of cystic growth when comparing
the liver weight-body weight ratio and hepatic cystic area,
returning these parameters to the baseline Pkhd1%#** phe-
notype (Figure 1, C and D). The data show that the in-
cremental cyst-promoting effect of germline heterozygous
loss of Pkdl on a Pkhd1-deficient background can be elim-
inated by the inactivation of cilia at a postdevelopmental
time point early in the course of bile duct cyst growth. The
Pkd1 dosage-dependent component of enhanced cyst for-
mation in models of ARPKD is dependent on the continued
presence of intact cilia, much like CDCA in ADPKD.

Loss of cilia alone (UBC-cre™%; Kif3aﬂ/ﬁ) resulted in min-
imal bile duct proliferation with similar liver phenotype to
littermate controls at 17 weeks of age (Figure 1, C and D).
Although postnatal inactivation of cilia did not result in
significant cystic disease pathology in the liver, the animals
lacking Kif3a and cilia did have significantly increased body
weight compared with control and Pkhd1%"4"* animals
(Figure 2A). Histologic analysis of liver sections using Oil
Red O staining confirmed a marked increase in fat droplets

in UBC-crefR; Kif3a and UBC-creER; Kif3¢f; Pkhd1del4/del
livers, indicative of hepatic steatosis due to a loss of cilia,
which has been previously described (18) (Figure 2C). Sex
differences were only apparent within the UbcCre; Kif3a™"
animals with regard to total liver weight (Figure 2B).

Discussion

The role of cilia in cystic disease is supported by findings
that orthologous ADPKD proteins localize to cilia, that
genetic ablation of cilia results in cystic disease, and that
a cilia-dependent signal is regulated by polycystins (16). The
striking feature of the latter finding is that ADPKD cyst
growth following loss of polycystins is markedly attenuated
if cells also lack cilia. This defines the role of polycystins as
regulating a CDCA signal (16). This finding has been further
refined by recent studies showing that impaired trafficking
of membrane-associated proteins into cilia without other
overt changes in cilia structure can similarly antagonize cyst
growth resulting from the absence of polycystins (19). In
light of these findings, mechanisms to pharmacologically
reduce cilia length have been one suggested approach to
putative therapy for ADPKD (20).

We sought to address whether similar cilia-targeted strat-
egies would have potential value for ARPKD. In support of
such an approach, it is noted that the histopathology of
ARPKD bears resemblance to the recessive ciliopathy dis-
orders in which ductal plate malformations resulting in
congenital hepatic fibrosis are a common feature (21). Many
ciliopathy genes are required for proper structure and pro-
tein composition of cilia, and Pkhd1 has been implicated in
ciliogenesis (22). Furthermore, there is a functional interac-
tion between ARPKD and ADPKD (11,14). Reduced dosage
of Pkdl worsens the ARPKD phenotype in mice. Despite
these varied connections, this study shows that removal of
cilia does not substantially affect the fibrocystic liver disease
progression in Pkhdl inactivation. We did find that the
relative worsening of the ARPKD phenotype in the setting
of reduced dosage of Pkd1 is dependent on the presence of
intact cilia. These data can be interpreted to suggest that the
nature of the genetic interaction between Pkd1 and Pkhd1 is
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Figure 2. | Loss of cilia results in increased body weight and hepatic steatosis. (A) Comparison of body and liver weights of mice with the
indicated genotypes. Colored squares show corresponding genotypes in (A and C). Loss of cilia in Kif3a single knockouts (gray squares) resulting
in a significant increase in body and liver weight compared with controls (black squares). (B) Graphical representation of the physiologic
parameters of the different sexes used in this study. Male () and female (?) data for total body weight, liver weight, liver weight-body weight
ratio, and cytokeratin-19 (CK19)—positive structures were analyzed for sex differences. Sex differences were only evident in the Kif3a (UbcCre;
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Kif3a™" mutant animals when comparing liver weights. Multiple group comparisons were performed using one-way ANOVA followed by
Tukey multiple comparison test and are presented as the mean=SD. *P=0.05; **P=0.01; ***P<0.001; ****P<0.001. (C) Hepatic steatosis was
evident by the presence of fat droplets as identified by Oil Red O stain in the cilia-deficient mutants. Scale bar, 400 uM.

indirect—that they do not function in a common pathway. It
suggests that loss of Pkhd1 sensitizes cells to CDCA so that
even mild increases in CDCA activity resulting from
a graded decrease in Pkd1 dosage by 50% are sufficient to
elicit a mildly worsening cyst-promoting effect. The graded
CDCA response seems to still be polycystin dependent
because removal of cilia reverses this incremental effect
without eliminating the underlying disease process due
to a mutation in Pkhdl.

Finally, the data show that inactivation of cilia at 4 weeks
age can still abrogate this Pkd1 dosage-dependent worsen-
ing even though the reduced dosage of PC1 and absence of
FPC are transmitted through the germline. This indicates
that inhibition of CDCA does not require concomitant in-
activation of polycystins and cilia (16) but rather, can occur
with delayed inactivation of cilia. This may have implica-
tions for therapeutic utility and timing of targeting CDCA
in ADPKD. In aggregate, the findings show that the liver
disease resulting from loss of Pkhdl in ARPKD is not
significantly affected by cilia function in the way that it
is in ADPKD. This indicates that despite genetic interac-
tion between Pkhd1 and Pkd1, they do not seem to func-
tion in a common CDCA-related molecular pathway in
bile ducts.
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