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Abstract

Polycystic liver disease (PLD) is characterized by the growth of numerous biliary cysts and
presents in patients with autosomal dominant polycystic kidney disease (ADPKD), causing
significant morbidity. Interestingly, deletion of intraflagellar transport-B (IFT-B) complex genes in
adult mouse models of ADPKD attenuates the severity of PKD and PLD. Here we examine the
role of deletion of an IFT-A gene, 7hml1, in PLD of juvenile and adult PkdZ2 conditional knockout
mice. Perinatal deletion of 7/Am1 resulted in disorganized and expanded biliary regions, biliary
fibrosis, increased serum bile acids, and a shortened primary cilium on cytokeratin 19+ (CK19+)
epithelial cells. In contrast, perinatal deletion of Pkd2 caused PLD, with multiple CK19+ epithelial
cell-lined cysts, fibrosis, lengthened primary cilia, and increased Notch and ERK signaling.
Perinatal deletion of 7/m1in PkdZ conditional knockout mice increased hepatomegaly, liver
necrosis, as well as serum bilirubin and bile acid levels, indicating enhanced liver disease severity.
In contrast to effects in the developing liver, deletion of 7/m1 alone in adult mice did not cause

a biliary phenotype. Combined deletion of PkdZand Thm1 caused variable hepatic cystogenesis
at 4 months of age, but differences in hepatic cystogenesis between Pkd2- and Pkd2; Thm1
knockout mice were not observed by 6 months of age. Similar to juvenile PLD, Notch and ERK
signaling were increased in adult Pkad2 conditional knockout cyst-lining epithelial cells. Taken
together, 7Am1 is required for biliary tract development, and proper biliary development restricts
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PLD severity. Unlike IFT-B genes, 7/m1 does not markedly attenuate hepatic cystogenesis,
suggesting differences in regulation of signaling and cystogenic processes in the liver by IFT-

B and -A. Notably, increased Notch signaling in cyst-lining epithelial cells may indicate that
aberrant activation of this pathway promotes hepatic cystogenesis, presenting as a novel potential
therapeutic target.
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Introduction

Hepatorenal fibrocystic diseases comprise a spectrum of pathologies characterized by
varying degrees of cysts and fibrosis in the kidney and liver. These diseases include
autosomal dominant polycystic kidney disease (ADPKD), which is among the most
common, life-threatening monogenic diseases, affecting approximately 1:1000 individuals
worldwide [1]. In addition to developing renal cystic disease, up to 94% of individuals with
ADPKD manifest polycystic liver disease (PLD), which contributes significant morbidity
[2]. In PLD, numerous fluid-filled cysts derive from the biliary ducts and progressively
burden the liver, causing hepatomegaly, gastrointestinal and respiratory discomfort, and pain
[3,4]. Infection and hemorrhaging of cysts can also arise. Although tolvaptan, the only
FDA-approved therapy for ADPKD [5,6], attenuates the renal cystic disease, reports of its
effects in the liver conflict. One case report showed reduced liver volume in an ADPKD
patient [7], but several other studies indicate that tolvaptan can cause liver toxicity [6,8—10].
The paucity of therapies and conflicting reports reflect the need to continue uncovering
mechanisms underlying liver fibrocystic disease.

ADPKD is caused by mutations in PKD1 or PKDZ, encoding polycystin proteins, which
form a complex and function at the primary cilium. Mutation of PKDI or PKDZ often
results in deficiency of the polycystin complex in primary cilia [11,12]. These antenna-

like organelles sense chemical and mechanical cues in the extracellular environment and
mediate signaling pathways. In the liver, primary cilia project from the apical membrane of
cholangiocytes into the biliary lumen, where they sense bile composition and flow. Primary
cilia are dynamic structures built and maintained by intraflagellar transport (IFT), which
mediates the bidirectional transport of protein cargo along the microtubular axoneme. IFT
complex B (IFT-B) interacts with the kinesin motor to mediate anterograde IFT, whereas
IFT-A together with cytoplasmic dynein is required for retrograde IFT. IFT-A also mediates
ciliary entry of membrane and signaling molecules [13]. Reflecting their differential roles
in ciliogenesis and maintenance, deletion of an IFT-B gene usually results in an absence of
cilia [14], whereas deletion of an IFT-A gene causes shortened cilia with accumulation of
proteins in a bulbous distal tip [15]. Deletion of IFT-B versus IFT-A genes can also result in
differential regulation of signaling pathways.

Mutations of the IFT-B gene, /F756, have been reported in families with biliary
ciliopathies [16]. In mice, mutation of the IFT-B gene, /7188, causes rapid expansion of
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the biliary regions with an increased number of cholangiocytes and periportal fibrosis

[17]. Interestingly, deletion of IFT-B genes, Kif3aor /t20, in adult Pkd1 conditional
knockout (cko) mice, and of IFT-B gene, /ft88in adult Pkd2 cko mice, attenuates both

renal and biliary cystogenesis [18,19], suggesting the ciliome has therapeutic potential. The
mechanisms by which cilia loss or malformation attenuates ADPKD cystogenesis remain
largely undefined. Recently, P53 and Whnt signaling were reported as potential pathways
suppressed by cilia mutation in Pkd;/ft-B mutant renal epithelial cells [19,20]. However,
signaling pathways in the liver of Pkd)/ft double mutant mice have not been studied.
Additionally, the role of IFT-A in ADPKD liver disease is unknown. To elucidate a broader
mechanism of ciliopathic liver disease, we investigated the role of murine IFT-A gene, 7hm1
(7tc21b), in developing and mature liver, alone and in conjunction with deletion of Pkd?.
Homozygous mutations in 7HMZ1 have been identified in patients with nephronophthisis
[21], Meckel Syndrome [22], and renal agenesis [23], and heterozygous mutations modify
the severity of Bardet-Biedl Syndrome, Jeune Syndrome, and Meckel Syndrome [21],
ciliopathies that manifest fibrocystic liver disease. We have previously shown that deletion
of 7hm1 results in various ciliopathy phenotypes, including developmental defects [15],
renal cystic disease [24], and obesity [25]. Here we show that 7/mZ is required for postnatal
biliary tract development. Furthermore, we identify increased Notch signaling in cyst-lining
cholangiocytes, suggesting aberrant activation of Notch signaling as a potential contributor
to hepatic cystogenesis.

Materials and methods

Mice

Animal procedures were conducted in accordance with KUMC-IACUC and AAALAC rules
and regulations.

Thm13n*; ROSA26CreFR™ male mice were mated with 7/m170%/flox females to create
Thm1@nflox-ROSA26-CreERT+ (Thmi cko) offspring carrying one constitutive null allele
and one tamoxifen-inducible floxed allele [24]. Pkd2 70X alleles (Stock 017292, Jackson
Laboratory, Bar Harbor, ME, USA) were introduced to generate 7Am.1ox/flox -pjqqoflox/flox
or Thm17oX/flox - plg2flox* temales and Pka2MoX/floX - Thm 18 | ROSA26-CreFRT* males,
which were crossed. To generate early onset models, nursing mothers were injected
intraperitoneally at postnatal day 0 (PO) with tamoxifen (8 mg/40 g; T5648, Sigma-Aldrich,
St. Louis, MO, USA). Progeny were sacrificed at P21. To generate late-onset models,
offspring were injected intraperitoneally at P28 with tamoxifen and sacrificed at 4 or 6
months of age. Mouse genotypes and recombination of the 7/m17°% allele were ascertained
by PCR [15,24,26] (see supplementary material, Figure S1A). All mouse lines were
maintained on a pure C57BL6/J background.

Bilirubin and bile acid assays

Mice were anesthetized using a ketamine-xylazine cocktail, and blood was retrieved by
cardiac puncture into Microvettes (CB 300 Z, Sarstedt, Newton, NC, USA), which were
centrifuged at 1000 x g for 10 min to obtain serum. Total bilirubin and total bile acid levels
were determined using a bilirubin assay kit (MAK126, Sigma-Aldrich) and a Mouse Total
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Bile Acids Assay Kit (80471, Crystal Chem, Elk Grove Village, IL, USA), with a pQuant
microplate reader (BioTek Instruments, Winooski, VT, USA).

Liver and body weight measurements

Mice were weighed and livers were dissected and weighed using a standard laboratory
weighing scale at the time of euthanasia. Liver weight/body weight ratios were calculated as
liver weight divided by body weight for each mouse.

Histology and analyses

The left lobe of the liver was fixed in 10% formalin for several days, then processed in

a tissue processor and embedded in paraffin wax. Tissue sections (7 um) were cut using

a microtome, deparaffinized, and rehydrated through an ethanol series, then stained with
H&E or picrosirius red [27]. Histology was imaged using a Nikon 80i microscope equipped
with a Nikon DS-Fil camera (Nikon Instrument, Melville, NY, USA). The ImageJ program
(National Institutes of Health, Bethesda, MD, USA) was used to quantify cystic and necrotic
areas in H&E-stained sections. The percentage cystic index was calculated by dividing the
area of liver cysts over the area of the whole liver section, then multiplying by 100%. The
percentage of necrosis was calculated by dividing the area of liver necrotic sites over the
area of the whole liver section, then multiplying by 100%.

Immunofluorescence and immunohistochemistry

Deparaffinized/rehydrated tissue sections were subjected to antigen retrieval. A staining
dish containing slides immersed in sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) was placed into an Oster® steamer (Sunbeam Products, Boca Raton, FL,
USA) for 15 min. Slides were then rinsed 10 times in distilled water at room temperature,
washed for 5 min in PBS, incubated for 5 min in 1% SDS in PBS [28], and washed three
times in PBS. Immunofluorescence was performed as described previously [29] using the
primary and secondary antibodies described in supplementary material, Tables S1,S2. For
immunohistochemistry, tissue sections were treated with 3% hydrogen peroxide for 30 min,
washed in PBS, blocked with 1% BSA for 1 h, then incubated with primary antibodies

(see supplementary material, Table S1) overnight at 4 °C. Following three washes in PBS,
sections were incubated with secondary antibody for 30 min (see supplementary material,
Table S2). Following three washes in PBS, tissues were incubated with ABC reagent
(PK-6100, Vector Laboratories, Burlingame, CA, USA), rinsed in PBS, then incubated
with SigmaFAST DAB metal enhancer (D0426, Sigma-Aldrich), and counter-stained with
hematoxylin.

Measurement of mean fluorescence intensity

Fluorescent staining was imaged using a Nikon 80i microscope with a Nikon DS-Fil camera
or a Nikon Eclipse TiE attached to an A1R-SHR confocal microscope, with an A1-DU4
detector and LU4 laser launch. ImageJ was used to measure the mean fluorescence intensity
(MFI). The integrated density, which is the sum of pixel intensities, of P-ERK™* cyst-lining
epithelium was measured. Five regions adjacent to P-ERK™* cyst-lining epithelium with

low fluorescence were selected to calculate the mean background fluorescence. The MFI
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was calculated by dividing the integrated density of selected cyst-lining epithelial cells
over the area of selected cyst-lining epithelial cells, then subtracting the mean background
fluorescence.

Measurement of the length of cilia

Tissue sections immunostained to localize cytokeratin 19 (CK19) and acetylated a-tubulin
were imaged using a 60x objective lens. Images of cilia were converted to greyscale. Using
ImageJ, the ‘Freehand Line’ tool was selected to trace the length of each cilium. Pixels were
converted to um according to the scale bar.

Isolation of biliary trees

Biliary trees of P21 mice were isolated using a two-step collagenase perfusion method
[30,31]. Mice were anesthetized using a ketamine-xylazine cocktail, and livers were
perfused via the inferior vena cava for 10 min at 37 °C, first with calcium- and magnesium-
free HBSS (Hyclone Laboratories, Logan, UT, USA), followed by HBSS containing
calcium and magnesium (Hyclone Laboratories) and 0.025 mg/ml Liberase TM (Roche,
Indianapolis, IN, USA). Once the liver revealed signs of digestion (8—10 min), the liver
was excised and washed in ice cold HBSS to remove hepatocytes, exposing the biliary tree,
which was collected for analysis.

RT-gPCR
RNA was extracted from frozen biliary tree tissue by immersion in 1 ml Trizol and
homogenizing using Bullet Blender Bead Lysis tubes (Midwest Scientific, Valley Park,
MO, USA) in a Bullet Blender Storm 24 (Next Advance, Troy, NY, USA) set at speed 10
for 3 min. One microgram of RNA was converted into cDNA using Quanta Biosciences
gScript cDNA mix (VWR International, Radnor, PA, USA). Then, gPCR was performed in
duplicate using a CFX Connect Real-Time PCR Detection System (BioRad Laboratories,
Hercules, CA, USA), Quanta Biosciences Perfecta gPCR Supermix (VWR International),
and the primers in supplementary material, Table S3 [25,26,32,33].

Statistics
For the comparison of more than two groups, statistical significance (p < 0.05) was
determined using one-way ANOVA followed by Tukey’s test, or using Brown—Forsythe
ANOVA followed by Dunnet’s T3 test when standard deviations were significantly different
between groups. For the comparison of two groups, statistical significance was determined
using an unpaired #test. GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) was
used to perform these analyses.

Results

Thm1 loss impairs biliary development and exacerbates severity of PLD in juvenile Pkd2
cko mice

To explore the role of IFT-A deficiency in the developing liver, we deleted 7/m1 alone or
together with Pka2in mice at PO and examined liver phenotypes at P21. 7/Am1 cko livers
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showed expanded and disorganized biliary regions (Figure 1A), without affecting liver or
body weights (Figure 1B,C). In contrast, perinatal deletion of Pkd2 caused multiple liver
cysts and increased liver weight/body weight ratios (Figure 1D). Additional deletion of
Thm1in Pka2 cko mice did not alter hepatic cystogenesis, but increased liver weight/body
weight ratios and multifocal necrosis (Figure 1A—F). Serum bilirubin levels were not altered
in 7hm1 cko and Pkd2 cko sera, but were elevated in Pkd2; Thm1 dko sera (Figure 1G).
Serum bile acids were elevated in 7/Am1 cko sera; ranged widely in PkdZ cko sera; and
were most elevated in Pka2; Thm1 dko sera (Figure 1H). Taken together, these data indicate
that perinatal loss of 7/Am1 alone causes liver dysfunction, and on a Pkad’2 cko background,
exacerbates the liver disease.

To assess the deficiency of the PkdZand Thm1 gene products in Pka2and 7hm1 cko

biliary tissue, transcripts were amplified using primers 3" of the floxed exons. Transcript
levels were similar between control and mutant tissues (see supplementary material, Figure
S1B,C), suggesting the conditional or a/nalleles did not strongly induce nonsense-mediated
mMRNA decay. a/nis a missense mutation that results in the absence of THM1 protein [15].
Histology of 7/hm14/"* heterozygous livers was normal (see supplementary material, Figure
S1D). Thus, the mutant liver phenotypes indicate that the Rosa26-CreERT recombinase and
aln strategies reduced functional protein to less than 50%.

As cysts in PLD originate from bile ducts, we immunostained liver sections for CK19,

a commonly used marker for biliary epithelial cells. Following injury, hepatocytes
transdifferentiating into biliary epithelial cells also express CK19 [34]. In 7hm1 cko livers,
there was an increased number and a disorganization of CK19+ cells (Figure 2A). However,
not all cells within the 7AmI cko expanded biliary regions were CK19+, indicating other
cell types also account for the expansion. In PkdZ2 cko and Pkad2; Thm1 dko mice, all
cyst-lining cells were CK19+.

We examined proliferation, a cellular hallmark of cystogenesis, by immunostaining for
proliferating cell nuclear antigen (PCNA). In mice, livers continue to mature until around

4 weeks of age. At P21, control livers revealed the presence of some PCNA+ hepatocytes
and cholangiocytes, which was similar in 7Am1 cko livers (Figure 2B). In contrast, Pkd2 cko
and Pka2; Thm1 dko livers showed some PCNA+ hepatocytes, but many PCNA+ cyst-lining
cells, consistent with the notion that proliferation drives cystogenesis.

We next examined cellular polarity by immunostaining for pericentrin, a marker of
centrioles. In control livers, pericentrin localized at the apical surface of cells lining the
biliary ducts (Figure 2C). In contrast, in 7/Am1 cko livers, pericentrin positioning in biliary
regions was not orderly. In PkdZ2 cko and Pka2, Thm1 dko livers, pericentrin localized at
the apical surface of cells lining the biliary lumens and cysts, and was evenly spaced across
cells. Thus, loss of 7AmZ1 alone in biliary cells may predispose to a loss in polarity.

Thm1 loss causes biliary fibrosis

Liver fibrosis is a common feature of PLD, presenting in more than half of PLD patients
[35]. To assess fibrosis, we stained liver sections with picrosirius red, which labels collagen
fibers [36]. In control sections, picrosirius red was present around the blood vessels (central
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vein, portal vein, hepatic arteries) and biliary structures (Figure 2D). However, in 7Am1

cko livers, picrosirius red staining was greater and extended beyond the immediate biliary
region-associated structures. In Pkd2 cko livers, even more intense staining of picrosirius red
was observed surrounding hepatic cysts. A similar level of intense staining was observed

in Pkad2; Thm1 dko livers. We next immunostained for alpha-smooth muscle actin (aSMA),
which labels myofibroblasts, the primary cell types that secrete extracellular matrix during
fibrosis. Although a SMA was mostly detected around blood vessels in control livers, aSMA
was also present in the biliary regions of 7Am1 cko livers and surrounding the cysts of Pkd2
cko and 7hm1,;Pka2 dko livers (Figure 2E). Myofibroblasts are activated by macrophages,
which contribute to proinflammatory and profibrotic processes [37]. To assess the presence
of macrophages, we stained liver sections for F4/80, a mouse pan-macrophage marker.
Although F4/80+ cells were present in the sinusoids across all genotypes, F4/80 + cells
were also present in the biliary regions of 7/Am1 cko, Pkd2 cko, and Pkd2, Thm1 dko livers
(Figure 2F). These data suggest that 7/m1 loss causes biliary inflammation and fibrosis.
Although fibrosis also accompanies early onset PLD, additional loss of 7/m1 did not
exacerbate PLD fibrosis at P21.

Cholangiocyte cilia are shortened in Thm1 cko livers, but lengthened in Pkd2 cko livers of
juvenile mice

Although primary cilia are present on bipotential hepatoblasts, from which hepatocytes

and biliary cells arise, cilia are absent on differentiated hepatocytes, but present

on cholangiocytes protruding into the bile ducts [38]. We examined the lengths of
cholangiocyte cilia by co-immunostaining liver sections to localize acetylated a-tubulin,

a marker of the ciliary axoneme, together with either CK19 or with IFT81, a component of
the IFT-B complex. 7Am1 cko cholangiocyte cilia were shortened (Figure 3A,C). In contrast,
Pkd?2 cko cilia were lengthened, and Pka”2 cko cilia variability was significantly different
from the control (F-test; p< 0.05). PkdZ2, Thm1 dko cholangiocyte cilium lengths were
shortened and similar to those of 7Am1 cko cilia, with some showing accumulation of IFT81
at the distal tip, consistent with a retrograde IFT defect (see supplementary material, Figure
S1E) [15]. These data suggest that deletion of 7Am1 in PkdZ2 cko mice controls cilium length
in cholangiocytes.

ERK and Notch signaling are increased in Pkd2 cko and Pkd2;Thm1 dko cyst-lining
cholangiocytes

Primary cilia mediate signaling pathways. Thus, we examined signaling pathways that

are involved in PLD or in biliary development. In PLD, ERK activation in cyst-lining
cholangiocytes is a major driver of cell proliferation [39]. To examine the effect of 7Am1
on this pathway in cholangiocytes, we immunostained liver sections to localize P-ERK, the
activated form of ERK. In control livers and similarly in 7AmZ cko livers, less than half

of biliary epithelial cells (approximately 40%) were positive for P-ERK (Figure 3B,D,E).
However, in Pkd2 cko and Pkd2; Thm1 dko livers, approximately 62 and 90%, respectively,
of cyst-lining cholangiocytes were P-ERK+. Additionally, the intensity of P-ERK staining
was increased in Pkd2; Thm1 dko cyst-lining cells relative to Pkd2 cko. Thus, loss of 7hm1
on a PkdZ cko background increases ERK activation in biliary epithelial cells.
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The Notch pathway is essential for biliary tract development [40] and is regulated by
primary cilia [41]. Therefore, we examined Notch signaling status in the mutant livers.

The Notch cascade initiates with Delta or Jagged ligands that are received by Notch
receptors. Of the four Notch receptors, Notch 2 is required for cholangiocyte differentiation
and tubulogenesis [42,43]. Notch receptors are cleaved by presenilin-1, forming the Notch
intracellular domain. The Notch intracellular domain translocates to the nucleus to activate a
transcription complex containing recombination signal binding protein for immunoglobulin
kappa J region (RBPj), which drives transcription of target genes, such as Hes1. In Thm1
cko biliary regions, Jaggedl1, Notch2, and Presenilin-1 appeared to be downregulated relative
to the control (Figure 3F). In contrast, in PkdZ2 cko and Pkd2; Thm1 dko cyst-lining
cholangiocytes, Jaggedl, Notch2, and Presenilin-1 were increased. To ascertain that Notch
signaling is altered in the biliary tissue of these mutants, we performed RT-qPCR for
Notch2, Presenilin-1 (Psenl) and HesI on RNA lysates of isolated biliary trees. In 7hm1
cko biliary extracts, NotchZ2, Presenilin-1, and HesI transcript levels were similar to those

in controls (Figure 3G-I). However, in Pkd2and Pkd2; Thm1 biliary extracts, Notch2 and
Presenilin-1 were increased, and in PkdZ, Thm1 extracts, HesI was also increased. Together,
these data suggest that Notch signaling is increased in biliary cystic tissue.

Thm1 deletion in a mature liver does not affect biliary morphology nor attenuate ADPKD
hepatic cystogenesis at 6 months of age

As /ft- B deficiency in adult PkdZ or Pkd2 cko mice attenuates hepatic cystogenesis [18,19],
we next examined the role of IFT-A deficiency in adult, slowly progressive PLD mouse
models. We deleted 7hm1 together with Pkd2at P28, when livers have matured [44], and
examined mutant livers at 6 months of age. Global deletion of 7/4m1 once the liver has
matured did not affect biliary morphology nor liver weights (see supplementary material,
Figure S2), but increased body weight, consistent with its role in obesity [25]. In Pkd2

cko mice, hepatic cysts, hepatomegaly, and increased liver weight/body weight ratios were
evident (Figure 4A-D). Although female ADPKD patients are associated with more severe
PLD [45], liver weight/body weight ratios were similar between male and female Pkd2 cko
mice. Loss of 7/hm1 together with PkdZincreased liver weights in female mice, but not in
male mice. However, in both females and males, hepatic cystogenesis was similar between
Pkd2 cko and Pkad2; Thm1 dko mice (Figure 4E), suggesting that 7/m1 deletion did not
affect cyst formation and progression per se.

All cyst-lining cells of adult Pka’2 cko and PkdZ; Thm1 dko livers were CK19+ (Figure

5A). Many cyst-lining cells were also positive for PCNA (Figure 5B), consistent with
proliferation contributing to cystogenesis. F4/80+ and aSMA+ cells were also present
surrounding the biliary cysts (Figure 5C,D), indicating the presence of macrophages and
myofibroblasts, respectively, and thus, of proinflammatory and profibrotic processes. In
Thm1 cko livers, immunostaining for CK19 revealed bile duct morphology similar to that in
controls (see supplementary material, Figure S2A). There was also an absence of PCNA+
and F4/80+ cells in the 7/m1 cko biliary regions, similar to the control (see supplementary
material, Figure S2B,C), substantiating that loss of 7/4mZ in a mature liver does not cause a
biliary phenotype.
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Primary cilia of CK19+ cells were shortened in 7/mZ1 cko mice (see supplementary
material, Figure S3A,B), suggesting that deletion of 7/4m1 did induce a ciliary defect. In
Pkd2 cko mice, cholangiocyte primary cilia showed a wider range of cilium lengths, with
some reaching over 9 um, whereas the maximum length of cilia in control cholangiocytes
was less than 6 um (Figure 6A,B). As in the early onset model, this variability of cilium
length in Pkad2 cko livers was significantly different from the control (F-test; p < 0.05).
Yet, collective cilium lengths of Pkd2 cko mice were not significantly longer than those of
control mice (Figure 6A,B). PkdZ2; Thm1 dko cholangiocyte cilium lengths were shortened
relative to those of the control and Pkd2 cko mice (Figure 6A,B), suggesting that loss of
Thm1 influenced the ciliary phenotype.

Finally, although 7/hm1 cko bile ducts showed an absence of P-ERK and similar intensities
of Notch signaling components as the control (see supplementary material, Figure S3C),
cyst-lining cells of Pkd2cko and Pkd2, Thm1 dko livers showed increased P-ERK (Figure
6C) and increased expression of Jaggedl, Notch2, and Presenilin-1 (Figure 6D). These data
suggest that similar signaling pathways drive PLD in juvenile and adult Pka2 cko mice.

To assess the role of 7Am1 deletion in Pkd2 cko mice at an earlier disease stage, we
examined mutant livers at 4 months of age. Unlike Pkd2 cko mice, liver weights and liver
weight/body weight ratios of PkdZ; Thm1 dko mice were not significantly increased (see
supplementary material, Figure S5A-D), suggesting milder disease. Yet, these parameters
were also not significantly reduced relative to Pkd2 cko mice. Some, but not all, Pka’2; Thm1
dko livers showed reduced cystogenesis, resulting in a wide range of percentage hepatic
cystic areas (see supplementary material, Figure S5E). These data suggest that during early
disease in a late-onset ADPKD mouse model, 7/m1 deletion may have potential to slow
hepatic cystogenesis, but such attenuation is not sustained for long.

Discussion

During biliary tract development, ductal plates around the portal mesenchyme duplicate,
and subsequently form tubules and elongate [46]. These tubular structures form intrahepatic
bile ducts, which subsequently connect to the extrahepatic hilar duct. Cells that do not
integrate into a tubular structure or intrahepatic bile ducts, or do not connect with the

hilar duct, involute or lose their cholangiocyte specification and convert into hepatocytes.
When these developmental events fail to occur, these unintegrated cells may contribute to
ductal plate malformations and result in fibrocystic liver diseases [35,47]. In Cpk mice, a
model of autosomal recessive PKD, which exhibits PLD, and is caused by disruption of the
cilia-associated protein, cystin [48], lineage tracing of ductal plate cells revealed that these
cells do differentiate into hepatocytes, but show enhanced differentiation into a biliary fate
[49]. Thus, several mechanisms can go awry, leading to fibrocystic liver disease, and vary
with the mutant gene [50].

In juvenile 7/AmZ1 cko mice, we observed an increased number of CK19+ cells that were
disorganized, as well as biliary fibrosis. Interestingly, this phenocopies the biliary phenotype
of Notch2knockout mice, namely increased and disorganized pan-cytokeratin-expressing
cells surrounded by fibrosis [43]. Additionally, Notch2 knockout pan-cytokeratin+ cells
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express CK19 less strongly than control biliary epithelial cells. As CK19+ intensity
increases with maturation of the biliary epithelial cell, this suggests that Notch2 knockout
cells are less differentiated. Three-dimensional morphological analysis of the biliary tree in
Notch1/2 knockout and in RBFj knockout livers show a paucity of biliary ducts, suggesting
that the expanded biliary regions observed histologically result from a lack of regression of
undifferentiated cells and unconnected ducts [40]. Similarly, the expanded biliary region in
Thm1 cko livers seen in this study may result from undifferentiated ductal plates that have
failed to regress. By extension, the number of functional biliary ducts may be decreased in
Thm1 cko mice, and the increased serum bile acids suggest cholestatic liver disease. Yet
our data do not support that Notch signaling is downregulated in 7/m1 cko biliary regions,
suggesting that another signaling or cellular defect causes the biliary phenotype. As the
Thm1 cko and NotchZ2 cko phenotypes are very similar, we propose that this defect may
converge with a downstream defect in NMofch2 cko mice.

In the developing epidermis, Notch signaling is mediated by primary cilia. Deletion of Kif3a
in epidermal cells during embryogenesis results in absent primary cilia and downregulation
of the Notch pathway [41]. In contrast, Pkd2 mutant primary cilia were lengthened and
showed increased activation of Notch signaling. On Pkd1 and PkdZ mutant renal epithelial
cells, primary cilia have been shown to be lengthened [19,51,52], and a recent report
suggests that increased primary cilia lengths on PKD renal epithelial cells may facilitate
activation of certain signaling pathways [20]. Consistent with this, renal epithelial primary
cilia were either ablated or shortened in adult Pka;/ft-B dko mice, suggesting that shortening
or ablating primary cilia may result in inhibition of a pro-cystogenic pathway [18,19]. Yet
unlike IFT-B genes, deletion of the IFT-A gene, 7/Am1, did not strongly suppress hepatic
cystogenesis in adult Pkd2 cko mice. Additionally, although 7/mZ deletion suppressed
cilium length in Pkd2 cko mice, these shortened Pkad2; Thm1 dko primary cilia did

not counter the increased Notch signaling in cyst-lining cholangiocytes. Elucidating the
mechanism of Notch misregulation in Pkd2-deficient cholangiocytes would be informative
and could lead to the identification of additional molecular targets. Furthermore, as IFT-B
and -A proteins differentially regulate certain signaling pathways, extending the analysis of
Notch regulation to Pka/ft-B dko biliary epithelial cells that show attenuated cystogenesis
would also further mechanistic understanding.

In ADPKD, several pathways that are upregulated in cyst-lining renal epithelial

cells, including cAMP, EGFR, and ERK signaling, are also upregulated in cyst-lining
cholangiocytes [39,53,54]. In ADPKD renal cystogenesis, we have shown that cyst-

lining renal epithelial cells have increased Notch signaling [55]. Here we observed that
Notch signaling is increased in cyst-lining cholangiocytes of both juvenile and adult
ADPKD models, suggesting that Notch signaling may be an important driver of hepatic
cystogenesis as well. Consistently, increased Notch signaling is a major pathway driving
cholangiocarcinoma [56,57]. In the kidney, certain underlying pathogenic mechanisms of
cancer and PKD overlap [58]. Similarly, in the biliary system, aberrant activation of Notch
signaling promoting proliferative disease progression may be an overlapping mechanism.

The contrasting effect on hepatic cystogenesis between the deletion of /f#-B genes and the
deletion of 7/AmZ1 in adult ADPKD mouse models is probably due to differing roles of
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IFT-B and -A in regulating signaling pathways in the liver. Our data also reveal functional
differences for 7/m1 between biliary and renal epithelial cells. Perinatal loss of 7/m1
alone does not cause liver cysts, and together with the loss of Pkd’2, does not alter hepatic
cystogenesis. Yet, in the kidney, perinatal deletion of 7Am1 causes cysts [24]. Furthermore,
data from our laboratory indicate that deletion of 7/4m1 in juvenile Pka2 cko mice affects
renal cystogenesis in a tubular-dependent manner, whereas deletion of 7/m1 in adult Pkd2
cko mice attenuates renal cystogenesis. Thus, 7/Am1 has a much greater influence on
cystogenesis in the kidney than in the liver. Elucidating the differences between the roles of
Thm1 in biliary versus renal epithelial cells may help to identify key protein(s) that promote
cyst formation or progression. In addition to cell proliferation, fluid secretion is an essential
component of cyst growth [59], and perhaps 7/4m1 directly or indirectly regulates a protein
that is involved in fluid secretion in the kidney but not in the liver.

In summary, our study demonstrates for the first time a role for IFT-A deficiency in
liver-associated ciliopathies and provides a new genetic mouse model to study biliary
development. Our data also show increased Notch signaling in PLD, revealing a pathway
that warrants further exploration as a novel potential therapeutic target.
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_ Pkd?;
€ 7s;

Biliary defects and liver cysts of juvenile 7hm1 cko, PkdZ2 cko, and Pka’2, Thm1 dko mice.
(A) H&E-stained liver sections of P21 mice. Dashed boxed regions in the upper panels

are shown at greater magnification in the lower panels. Scale bars: 250 um (upper); 25

um (lower). Arrow points to area of necrosis. 7= 4 mice/genotype. (B) Liver weight; (C)
body weight; (D) liver weight/body weight (LW/BW) ratios; (E) liver cystic index; (F)
necrotic area (%); (G) total bilirubin; (H) bile acids. Statistical significance was determined
by one-way ANOVA followed by Tukey’s test in (C) and (D); unpaired #test in (F); and
Brown-Forsythe ANOVA followed by Dunnett’s T3 test in (G) and (H). #p < 0.05; #p <
0.01; ##p < 0.0001 relative to control or relative to Pkd2cko in (G). *p < 0.05; ****p <
0.0001.
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Figure 2.
Juvenile 7hm1 cko, PkdZ cko, and PkdZ, Thm1 dko mice develop liver fibrosis.

Immunofluorescence for (A) CK19+ (green); (B) PCNA (red); and (C) pericentrin (green).
Nuclei are labeled with DAPI (blue). Scale bars: 50 pm in (A) and (B); 10 um in (C).
Dashed boxed regions in the main panels are shown at greater magnification in the insets.
(D) Picrosirius red-stained liver sections. Dashed boxed regions in the top panels are shown
at greater magnification in the bottom panels. Scale bars: 250 pm (top); 25 um (bottom). (E)
Immunofluorescence for aSMA (red) and (F) F4/80 (green). Nuclei are labeled with DAPI
(blue). Scale bar: 50 um. Dashed boxed regions in the main panels are shown at greater
magnification in the insets. 7= 3 mice/genotype.
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Figure 3.
Primary cilia and ERK and Notch signaling are altered in juvenile 7AmZ cko, Pkd2 cko,

and Pka2; Thm1 dko CK19+ cells. (A) Immunofluorescence for acetylated a-tubulin (red)
and CK19 (green) of P21 mice. Nuclei are labeled with DAPI (blue). Scale bar: 10 pm.

(B) Immunofluorescence for P-ERK. Nuclei are labeled with DAPI (blue). Dashed boxed
regions in the main panels are shown at greater magnification in the insets. 7= 3 mice/
genotype. Scale bar: 50 um. (C) Measurement of cholangiocyte cilium length from (A).
Each data point represents an individual cilium from three mice/genotype. Bars show mean
+ SD of 173 control, 133 7/Am1 cko, 312 Pkd2 cko, and 75 Pkd2; Thm1 dko cilia. Statistical
significance was determined by ANOVA followed by Tukey’s test. #p < 0.05; ##p < 0.001;
### p < 0.0001 relative to control; ****p < 0.0001. (D) MFI of P-ERK staining. Each
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dot represents a cyst lined with P-ERK+ epithelium. Three different regions/mouse section
were imaged, and 115-250 cysts were assessed for each animal. 7= 3 mice/genotype. (E)
Proportion of cysts lined with P-ERK+ epithelia. Statistical significance was determined by
unpaired ttest. ##p < 0.001; ###p < 0.0001 relative to Pka2 cko. (F) Immunohistochemistry
for Notch signaling components — Jagged1 ligand, Notch2 receptor, and Presenilin-1.
Dashed boxed regions in the upper panels are shown at greater magnification in the insets.
n= 3 mice/genotype. RT-qPCR for (G) NotchZ, (H) Presenilin-1; and (I) Hes1. Statistical
significance was determined by ANOVA followed by Tukey’s test. #p < 0.05; #p< 0.01
relative to control; p=0.05 relative to control; 7= 3 mice/genotype.
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Figure 4.
Adult-onset loss of 7Am1 does not affect severity of PLD of 6-month-old Pkd2 cko mice.

(A) H&E-stained liver sections from male mice at low magnification (top panels). Dashed
boxed regions are shown at greater magnification in the lower panels. Scale bars: 250 pm
(top); 25 pm (bottom). (B) Liver weight; (C) body weight; (D) percentage liver weight/body
weight (LW/BW); and (E) percentage cystic areas of 6-month-old female or male mice.
Statistical significance was determined by ANOVA followed by Tukey’s test. #p < 0.05; #p
<0.01; " p< 0.001; ¥ p< 0.0001 relative to control; *p < 0.05; ***p < 0.001.
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A Ctrl Pkd2 Pkd2:Thm1
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Figure5.
Cell proliferation and inflammation are increased in PLD of adult Pkd2 cko mice.

Immunofluorescence for (A) CK19+ (green); (B) PCNA (red); (C) aSMA (red), and (D)
F4/80 (green). Nuclei are labeled with DAPI (blue). Dotted boxed regions are shown at
greater magnification in the insets. Scale bar: 50 um. 7= 3 mice/genotype.
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Figure 6.
ERK and Notch signaling are increased in adult Pkd2 cko CK19+ cells. (A)

Immunofluorescence for acetylated a-tubulin (red) and CK19 (green) in tissues from 6-
month-old mice. Nuclei are labeled with DAPI (blue). Scale bar: 10 pm. (B) Measurement of
cilium length. Each data point represents an individual cilium from four mice/genotype. Bars
show mean + SEM of 87 control, 232 PkdZ2 cko, and 361 Pka2, Thm1 dko cilia. Statistical
significance was determined by ANOVA followed by Tukey’s test. #p < 0.05 relative to
control; *p < 0.05. (C) Immunofluorescence for P-ERK (red). Nuclei are labeled with DAPI
(blue). Dashed boxed regions in the main panels are shown at greater magnification in

the insets. 7= 3 mice/genotype. Scale bar: 50 pm. (D) Immunohistochemistry for Jaggedl
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ligand, Notch2 receptor, and Presenilin-1. Dashed boxed regions in the main panels are
shown at greater magnification in the insets. 7= 3 mice/genotype.
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