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Abstract
Polycystic kidney diseases (PKD) are genetic disorders which disrupt kidney ar-
chitecture and function. Autosomal recessive PKD (ARPKD) is a rare form of 
PKD, caused by mutations in PKHD1, and clinically more severe than the more 
common autosomal dominant PKD (ADPKD). Prior studies have implicated 
Hedgehog (Hh) signaling in ADPKD, with increased levels of Hh components 
in experimental ADPKD and reduced cystogenesis following pharmacologi-
cal Hh inhibition. In contrast, the role of the Hh pathway in ARPKD is poorly 
understood. We hypothesized that Hh pathway activity would be elevated dur-
ing ARPKD pathogenesis, and its modulation may slow disease progression. We 
utilized Cpk mice which phenocopy ARPKD and generated a PKHD1-mutant 
spheroid model in human collecting ducts. Significantly elevated levels of the 
Hh transcriptional effector Gli3 were found in Cpk mice, a finding replicated in 
PKHD1-mutant spheroids. In Cpk mice, total GLI3 and GLI3 repressor protein 
levels were also increased. Reduction of increased Gli3 levels via heterozygous 
genetic deletion in Cpk mice did not affect cyst formation. Additionally, lower-
ing GLI3 transcripts to wildtype levels did not influence PKHD1-mutant spheroid 
size. Collectively, these data suggest attenuation of elevated Gli3 does not modu-
late murine and human models of ARPKD.
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1   |   INTRODUCTION

Polycystic kidney disease (PKD) is characterized by the for-
mation of fluid-filled renal cysts, which disrupt the archi-
tecture and function of the kidney and is the most common 
genetic cause of end stage kidney disease (ESKD). The two 
main forms of PKD are autosomal dominant PKD (ADPKD) 
and autosomal recessive PKD (ARPKD) which are caused 
by mutations in PKD1 or PKD2 (encoding polycystin-1 
and -2) and PKHD1 (encoding for fibrocystin), respec-
tively (Bergmann et al., 2018). ARPKD has a prevalence of 
1:20,000, usually manifesting in utero, perinatally or during 
childhood, and presenting with enlarged cystic kidneys. In 
ARPKD, early proximal tubular dilation is observed in the 
kidney during fetal development, which then shifts to dila-
tion and cyst formation in the distal tubules and predomi-
nantly the collecting duct (Nakanishi et al., 2000). Disease 
progression occurs rapidly leading to the presence of cysts 
throughout the kidney destroying the normal renal architec-
ture, along with interstitial fibrosis (Bergmann et al., 2018). 
Patients with ARPKD frequently progress to ESKD and 
require renal replacement therapy. Currently the only ap-
proved treatment for adults with ADPKD is tolvaptan, a 
vasopressin receptor 2 antagonist targeting cAMP signaling. 
While there are two ongoing phase 3 trials for tolvaptan in 
infants and children, it is not yet approved for children with 
PKD and there are no other treatment options for ARPKD 
patients (Mekahli et al., 2023). Thus, there is a need for a 
greater understanding of the mechanisms of disease in 
ARPKD to aid the development of novel treatments.

The disease-causing genes mutated in PKD patients lo-
calize to the primary cilia. This has led to an interest in the 
ciliary-located Hedgehog (Hh) pathway as a possible me-
diator in the pathogenesis of PKD (Clearman et al., 2023). 
Hh signaling is activated through the binding of Hh ligands 
to the transmembrane receptor, Patched1 (PTCH1). In the 
absence of Hh ligands, smoothened (SMO), a G protein-
coupled receptor, is constitutively inhibited by PTCH1. This 
prevents the translocation of SMO to the primary cilium 
which allows for the phosphorylation of the GLI transcrip-
tion factors (GLI1, GLI2, and GLI3). Phosphorylated GLI 
proteins are partially degraded by the proteosome to form a 
truncated repressive form of GLI, which translocates to the 
nucleus and represses the transcription of Hh target genes 
(Briscoe & Therond, 2013). When Hh ligands bind to PTCH1, 
the constitutive repression of SMO is blocked, leading to its 
translocation and accumulation in the primary cilium. GLI 

transcription factors are then transported to the ciliary tip 
in a complex with suppressor of fused (SUFU). Full-length 
GLI proteins dissociate from this complex and translocate 
to the nucleus to activate the transcription of genes, such as 
those that regulate the cell cycle, proliferation, and apoptosis 
(Bangs & Anderson, 2017; Briscoe & Therond, 2013).

Components of the Hh signaling pathway are elevated in 
human ADPKD tissue (Silva et al., 2018; Song et al., 2009), 
mice with mutations in the ciliary genes, Ift140, Thm1, and 
Arl13b (Jonassen et al., 2012; Li et al., 2016; Tran et al., 2014); 
two ADPKD models, the jck mutant and the conditional de-
letion of Pkd1 in postnatal mice (Tran et al., 2014); as well 
as in cystic murine metanephric kidney explants (Chan 
et al., 2010). Modulation of the Hh pathway through phar-
macological inhibition has been demonstrated to be effective 
in reducing cyst progression in in vitro (Chan et al., 2010; 
Silva et al., 2018) and mouse models (Hsieh et al., 2022; Sato 
et al., 2018). The Pck ARPKD rat model also shows elevated 
SMO and GLI proteins in the lining of the cyst epithelium 
and responded to treatment with the SMO inhibitor, cyclo-
pamine, leading to reduced renal cyst area (Sato et al., 2018). 
Furthermore, treatment with GANT61, a GLI1/2 inhibitor, 
alleviated the cystic phenotype and interstitial fibrosis in 
a ciliary mutant mouse (Hsieh et al., 2022; Li et al., 2016). 
Conversely, in a Pkd1-mutant mouse, the genetic overacti-
vation or deletion of Smo, or deletion of both Gli2 and Gli3, 
specifically in renal epithelial cells did not alter cyst forma-
tion. This study suggested that Hh signaling is not critical 
within the tubule epithelium in mediating cystogenesis 
caused by mutations in Pkd1 (Ma et  al.,  2019). Thus, the 
function of Hh signaling in various PKD models is complex 
and remains only partially deciphered. In the context of 
ARPKD, Hh signaling has only been investigated in the Pck 
rat model (Sato et al., 2018), with no prior studies examining 
the pathway in either in vitro or mouse models.

In this study, we examined the role of Hedgehog signal-
ing in murine and human models of ARPKD. We utilized 
the Cpk mouse, which contains a deletion in the ciliary gene, 
cystin (Cys1), and rapidly develops cystic kidneys, pheno-
copying the pathology of human ARPKD (Hou et al., 2002). 
We observed significant upregulation of the downstream 
Hh pathway effector Gli3 in both Cpk−/− mice and PKHD1-
mutant human collecting duct cells. We then reversed the 
increased levels of Gli3 in both models and saw no effect on 
disease progression in vivo or spheroid size in vitro. These 
results suggest that although Gli3 is upregulated in ARPKD 
models, its modulation does not alter disease progression.

K E Y W O R D S

autosomal recessive polycystic kidney disease, cystogenesis, hedgehog signaling, human 
model, mouse model
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2   |   METHODS

2.1  |  Experimental animal and 
procedures

All animal procedures were approved by the UK Home 
Office (PPL: PE52D8C09 and PP1776587) and were com-
pliant with the UK Animals (Scientific Procedures) Act 
1986. Cpk+/− mice (Mandell et al., 1983) were bred to gen-
erate wildtype and homozygous littermates for analysis. 
To decrease Gli3 levels, heterozygous Gli3XtJ mice (Hui & 
Joyner, 1993) were crossed with Cpk heterozygous mice to 
generate Gli3XtJ/+; Cpk+/− double heterozygous mice. Male 
or female Gli3XtJ/+; Cpk+/− double heterozygous mice were 
then crossed with either Cpk+/− and the resulting litters 
were collected. All lines were maintained on a C57BL/6 
background and housed in ventilated cages in a 12-h light/
dark cycle and had ad libitum access to Teklad global 18% 
protein diet (2018, Inotiv, Huntington, UK) and water. 
Mice of both sexes were used for analysis with five mice in 
each experimental group as determined from power cal-
culations to see a 30% difference in kidney/body weight 
(at 80% power, p = 0.05) derived from our previous data 
using Cpk mice (Huang et al., 2016). Blood was collected 
via cardiac puncture and blood urea nitrogen (BUN) lev-
els were quantified in plasma using the QuantiChrom™ 
Urea Assay Kit (BioAssay Systems, DIUR-100).

2.2  |  Histological analysis

Histological analyses were performed on 5 μm periodic 
acid-Schiff stained sections. Slides were imaged using the 
Hamamatsu NanoZoomer slide scanner at 20× magnifica-
tion. All analysis was conducted blinded on FIJI ImageJ 
software. The average area of individual cysts was deter-
mined using Image J particle analysis tool, with cysts de-
fined as those >10,000 μm2 in cross-sectional area (Huang 
et  al.,  2016). The cystic index (percentage of total cyst 
area/total kidney area), average cyst size, and number of 
cysts were then quantified.

2.3  |  Generation of PKHD1-mutant 
human collecting duct cell lines by 
CRISPR/Cas9

Human collecting duct (HCD) cells were provided by 
Professor Pierre Ronco, Hopital Tenon, Paris, France, and 
originally derived from non-tumorous human kidney cor-
tex, immortalized with SV-40 virus with clones selected 
that stained specifically for mAb272, a marker of collect-
ing duct principal cells (Papadimitriou et  al.,  2020; Prie 

et  al.,  1995; Valenti et  al.,  1996). HCD cells were main-
tained as previously described (Prie et al., 1995). Exon 5 
of PKHD1 was identified in the Leiden Open Variation 
Database (Fokkema et al., 2011) as a region to contain a 
high number of pathogenic variants in ARPKD patients. 
Therefore, a sgRNA was designed for exon 5 of PKHD1 
(5′-3′ ACTTCCTGGAAGCATACTTC) and cloned into 
a pX330 plasmid (Addgene plasmid, 42230). HCD cells 
were transfected with the sgRNA encoding plasmid and 
pAcGFP1-C1 plasmid using FuGENE (Promega, E5911). 
After 48 h, fluorescence activated cell sorting (FACS) was 
performed to isolate GFP-positive cells and these were 
cultured for 2 weeks. Single cells were then seeded into 96-
well plates by FACS, and clonal cell lines were expanded. 
Clones were genotyped by PCR of the targeted PKHD1 
genomic sequence and Sanger sequencing, using the fol-
lowing primers: 5′-3′ ACTGCTGGGAATCCTTGGTT and 
AGACACGCTGGCTCATTTACA. One PKHD1-mutant 
clonal cell line was generated, in addition to an isogenic 
wildtype control cell line that had undergone CRISPR 
transfection and cell sorting but no mutation in PKHD1 
was present.

2.4  |  3D spheroid assay

Matrigel (7.3 μL) (Corning, 356231) was mixed with 2.7 μL 
of 2000 cells in media on ice to a total volume of 10 μL 
which was added to the inner chamber of 15-well 3D μ-
slides (ibidi, 81506) and left to set at 37°C for 30–40 min. 
Media (50 μL) was then added to each well and changed 
every 2 days. At Day 6, the cells were imaged on an 
Invitrogen EVOS M5000 Microscope at 20× magnifica-
tion. Fifteen images were taken per well and 3 wells were 
imaged per condition or cell type. Experiments were re-
peated independently at least three times, 50 spheroids 
were quantified per experiment and a total number of 
150–200 spheroids per condition were measured.

2.5  |  Drug treatment

For inhibition of Hedgehog signaling, cells were treated 
with the SMO inhibitor cyclopamine (Chen et al., 2002). 
After cells were plated in Matrigel, the media added was 
supplemented with 10 μm cyclopamine (LKT Labs, C9710) 
and changed every 2 days.

2.6  |  siRNA transfection

To lower GLI3 levels in vitro, siRNA inhibition was used. 
The following conditions were used for each cell type: 
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non-transfected, non-targeting siRNA and GLI3 siRNA. 
The following siRNAs were utilized: ON-TARGETplus 
non-targeting siRNA Control Pool (Dharmacon, D-
001810-10-5) and ON-TARGETplus Human GLI3 
siRNA SMARTPool (Dharmacon, L-011043-00-0005). 
siRNA (30 nM) was transfected into HCD cells using 
Lipofectamine RNAiMAX (Invitrogen, 56532) and cells 
were incubated at 37°C for 6 h. After 6 h, cells were pre-
pared for the 3D spheroid assay or plated in 2D for RNA 
extraction after 6 days in culture.

2.7  |  Quantitative RT-PCR

The RNeasy Plus Mini kit (Qiagen, 74134) and RNeasy 
Micro Kit (Qiagen, 74004) were used for mRNA ex-
traction from murine tissue and HCD cells, respec-
tively. cDNA was prepared using the iScript gDNA 
Clear cDNA Synthesis kit (BioRad, 172-5034) as per 
the manufacturer's instructions. Quantitative real-time 
polymerase chain reaction (qRT-PCR) was performed 
in duplicate using the qPCRBIO SyGreen Mix Lo-ROX 
(PCRBioSystems, PB20.11) with gene specific prim-
ers (Ihh, Shh, Ptch1, Smo, Sufu, Gli1, Gli2, and Gli3/
GLI3) normalized to the housekeeping gene (Gapdh/
GAPDH).

2.8  |  Western blotting

Protein lysates were prepared from 14-day postnatal kid-
neys by homogenization in radioimmunoprecipitation 
assay (RIPA) buffer (Merck, 20-188) with 40 μL/mL cOm-
plete™ EDTA-free Protease Inhibitor Cocktail (Sigma, 
1167498001) and 10 μL/mL sodium orthovanadate phos-
phatase inhibitor (Merck, S6508-50G). Protein lysates 
(50 μg) were run on a 7.5% Mini-PROTEAN TGX Precast 
gel (Bio-Rad) and transferred to polyvinylidene fluoride 
(PDVF) membranes (Millipore, IPVH00010). Membranes 
were blocked in 5% milk, 0.1% bovine serum albumin 
(BSA) in 0.1% Tween-20 in PBS, and incubated in the fol-
lowing antibodies overnight at 4°C: Goat anti-GLI3 (1 μg/
mL, R&D Systems, no. AF3690) or Rabbit anti-alpha-
tubulin (1 μg/mL, Abcam, ab4074). Membranes were then 
incubated in the appropriate anti-goat (DAKO, P044901) 
or anti-rabbit (DAKO, P044801) horseradish peroxidase 
(HRP)-conjugated secondary antibodies (1:2000) for 1 h 
at room temperature and proteins were visualized by 
chemiluminescent imaging, using ECL Western Blotting 
Substrate (Amersham, RDN2232). Densitometry of the 
190 kDa full-length GLI3 (GLI3A) and 83 kDa truncated 
GLI3 (GLI3R) protein bands were calculated relative 
to α-tubulin on FIJI ImageJ software. Total GLI3 was 

calculated as total GLI3A and GLI3R protein and the ratio 
of GLI3A:GLI3R was quantified.

2.9  |  Statistical analysis

All statistical analyses were performed using GraphPad 
PRISM. All data were plotted as mean value ± stand-
ard deviation (SD). Normality was assessed by Shapiro–
Wilk test and normally distributed data were analyzed 
by an unpaired t-test for comparisons between two 
groups and a one-way ANOVA with Tukey's multiple 
comparisons test for comparisons with more than two 
groups. For data not normally distributed, data were 
analyzed using a Mann–Whitney U-test for compari-
sons between two groups and Kruskal–Wallis test with 
Dunn's multiple comparison test for comparisons with 
more than two groups. For in  vitro experiments with 
two variables, such as cell type and treatment group, 
a two-way ANOVA with Tukey's multiple comparison 
test was utilized.

3   |   RESULTS

3.1  |  Gli3 levels are elevated in the cystic 
kidneys of the Cpk model

Firstly, we examined the levels of components of the Hh 
signaling pathway in the Cpk mouse model, which repli-
cates the pathophysiology of ARPKD (Avner et al., 1987, 
1988; Hou et al., 2002). In this model, cystogenesis initi-
ates during embryogenic development with the presence 
of tubular dilations which rapidly progress to renal cysts 
in the collecting ducts from birth through to postnatal day 
21, resembling the phenotype of rapid cyst development 
seen in the human disease (Avner et al., 1987). We meas-
ured the transcript levels of Hh pathway genes in whole 
kidneys from Cpk−/− mice and their wildtype littermates 
at postnatal (P) 10, P14, and P21, when cysts are present 
within the tissue (Figure  1a). No significant differences 
were detected at any timepoint in the levels of either of the 
Hh ligands known to be expressed in the kidney Ihh and 
Shh (Greenberg et al., 2023) or the downstream Hh path-
way genes, Ptch1, Smo, Sufu, Gli1, or Gli2 between Cpk+/+ 
and Cpk−/− mice (Figure 1b–d). Notably, the transcription 
factor Gli3 was significantly upregulated in Cpk−/− mice 
at both P14 by 2.7-fold and P21 by 3.5-fold in compari-
son with Cpk+/+ mice (Figure  1c,d, P14 p = 0.005, P21 
p = 0.002). Prior to this, at P10 there is a slight increase in 
Gli3 transcript levels with a 1.3-fold change, although this 
is not significantly different at this timepoint (Figure 1b, 
p = 0.330). The upregulation of Gli3 transcript between 
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P10 and P14 is in line with the period of rapid cyst pro-
gression observed in this model.

The balance between full-length activator GLI3A 
and repressor GLI3R protein is critical in determin-
ing the cellular function of Hh signaling (Matissek & 
Elsawa,  2020). Therefore, the protein levels of GLI3A 
and GLI3R were analyzed by Western blotting in 14-day 
old Cpk−/− and wildtype littermates. Total GLI3 pro-
tein levels, a sum of both GLI3A and GLI3R protein, 
and GLI3R protein levels were significantly increased 

in Cpk−/− mice (Figure  1e,f, p = 0.0152 and p = 0.009, 
respectively). Although, there is a trend toward re-
duced GLI3 activator protein levels in Cpk−/− mice 
compared with wildtype controls, this was not signifi-
cant (Figure 1h, p = 0.065). There was a significant de-
crease in the ratio of GLI3 activator to GLI3 repressor in 
Cpk−/− mice, further demonstrating an increase in the 
relative levels of GLI3 repressor (Figure  1i, p = 0.004). 
Collectively, these data suggest there is enhanced tran-
script levels of Gli3, alongside an increase in the total 

F I G U R E  1   Gli3 is elevated at both the transcript and protein level in the cystic kidneys of Cpk−/− mice. (a) Representative images of 
periodic acid-Schiff staining on 5 μm sections of Cpk+/+ and Cpk−/− kidneys at P10, P14, and P21. Images taken at 10x magnification. Scale 
bars: 100 μm. Quantitative RT-PCR analysis of Ihh, Shh, Ptch1, Smo, Sufu, Gli1, Gli2, and Gli3 transcript levels relative to Gapdh from whole 
kidney RNA from Cpk+/+ and Cpk−/− mice at (b) P10, (c) P14, and (d) P21. Ct values of each gene of interest were normalized to littermate 
controls at each timepoint (Unpaired t-test, n = 7, 5, 3 for Cpk+/+, n = 4, 6, 5 for Cpk−/− mice at P10, P14, and P21, respectively). (e) Western 
blot analysis of the levels of full-length GLI3 activator (GLI3A) and truncated GLI3 repressor (GLI3R) in P14 kidney lysates from Cpk+/+ 
(n = 6) and Cpk−/− (n = 6). (f) The relative intensity of total GLI3, a sum of GLI3A and GLI3R, (g) GLI3A and (h) GLI3R were quantified by 
densitometry in arbitrary units relative to endogenous alpha-tubulin. (i) The ratio of GLI3A: GLI3R was quantified (Mann–Whitney t-test, 
n = 6 mice per group). Data represents mean ± SD.
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level of GLI3 protein. Additionally, a shift toward the 
processing of GLI3 full length activator protein to the 
truncated repressive form is observed in cystic kidneys 
in the Cpk model of ARPKD.

3.2  |  Reduction of Gli3 does not alter the 
cystic phenotype in Cpk−/− mice

We subsequently hypothesized that elevated Gli3 may be 
driving cystogenesis in ARPKD and that preventing this 
increase could reduce disease severity. To test this, we 
modulated Gli3 levels genetically in the Cpk model using 
mice harboring a Gli3XtJ allele, which contains a loss-
of-function Gli3 mutation (Hui & Joyner,  1993). As the 
Gli3XtJ/XtJ mouse is embryonic lethal (Hui & Joyner, 1993), 
we reduced Gli3 levels in the Cpk mouse using a hete-
rozygous Gli3+/XtJ haploinsufficiency model. We crossed 

Gli3+/XtJ; Cpk+/− double heterozygous mice with Cpk+/− 
mice and collected Gli3+/XtJ; Cpk−/− offspring and litter-
mates at P14 (Figure 2a). The loss of one Gli3 allele was 
sufficient to significantly reduce Gli3 transcript levels in 
Gli3+/XtJ; Cpk−/− mice by 69% relative to Cpk−/− litter-
mates (Figure  2b, p < 0.001). However, no changes were 
observed in the kidney: body weight ratio or BUN levels 
between Cpk−/− and Gli3+/XtJ; Cpk−/− mice (Figure 2c,d). 
Analysis of the cystic phenotype of these mice showed no 
differences in cystic index between Cpk−/− and Gli3+/XtJ; 
Cpk−/− kidneys, with a mean value of 64.5 ± 3.6% and 
69.9 ± 4.5% respectively (Figure 2a,e). Additionally, no dif-
ference was observed in the average cyst size or number 
of cysts between Gli3+/XtJ; Cpk−/− mice and Cpk−/− mice 
(Figure 2f,g). These data suggest that although Gli3 is el-
evated in the cystic kidneys of Cpk mice, decreasing the 
level of Gli3 does not alter the ARPKD cystic phenotype 
of the Cpk mouse.

F I G U R E  2   Reduced levels of Gli3 have no effect on cyst progression in Cpk mice. (a) Representative images of periodic acid-Schiff 
(PAS) staining on 5 μm sections of wildtype, Gli3+/XtJ, Cpk−/−, and Gli3+/XtJ; Cpk−/− kidneys at P14. 10× magnification, scale bars: 1 mm. 
(b) Quantitative RT-PCR analysis of Gli3 relative to Hprt from whole kidney RNA at P14. Relative Ct values of each gene of interest were 
normalized to Cpk−/− littermates (Unpaired t-test). (c) Kidney: Body weight ratio and (d) blood urea nitrogen (BUN) levels for each group. 
One-way ANOVA with Tukey's multiple comparisons test. Quantification of PAS staining was performed on Cpk−/− and Gli3+/XtJ; Cpk−/− 
mice to determine (e) cystic index, the percentage of total cyst area/total kidney area, (f) average cyst size (μm2) and (g) total number of cysts 
per kidney section. Cysts were defined as ≥10,000 μm2. Unpaired t-test. Data represents mean ± SD. n = 6 for wildtype, n = 6 for Gli3+/XtJ, n = 5 
for Cpk−/−, and n = 7 for Gli3+/XtJ; Cpk−/− mice.
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3.3  |  Generation of a 3-dimensional 
PKHD1-mutant human spheroid model

To further investigate the possible role of GLI3 in the 
pathogenesis of ARPKD, we generated a PKHD1-mutant 
HCD cell line using CRISPR-Cas9. We utilized CRISPR-
Cas9 to target exon 5 of PKHD1, a region identified to 
have a high number of pathogenic variants reported in 
ARPKD patients in the Leiden Open Variation Database 
(Fokkema et  al.,  2011). We generated an isogenic clone 
with no mutations in the PKHD1 gene following transfec-
tion and a clone with a compound heterozygous mutation 
in PKHD1, with a single nucleotide deletion in one allele 
and 19 nucleotide deletion in the other allele (Figure 3a). 
Both frameshift deletions are predicted to result in a 
premature stop codon and result in a truncated PKHD1 
protein. We analyzed the effect of this PKHD1 muta-
tion on in vitro spheroid size. Cells from both lines were 
embedded in Matrigel and cultured for 6 days until 3D 
spheroids had formed. We observed significantly larger 
spheroids in the PKHD1-mutant HCD line, with a greater 
average spheroid area (3349 ± 524 μm2) when compared 

with the isogenic control HCD cell line (2564 ± 246 μm2) 
(Figure  3b,c, p = 0.02). Additionally, the PKHD1-mutant 
HCD cell line form significantly larger individual sphe-
roids than isogenic control cells, with the largest PKHD1-
mutant spheroids measured at >8000 μm2 compared with 
a maximum spheroid size of 7250 μm2 for isogenic control 
spheroids (Figure  3d, p < 0.001). We found significantly 
elevated GLI3 transcript levels in PKHD1-mutant HCD 
cells, increased by twofold, as compared with isogenic 
control HCD cells (Figure 3e, p = 0.008). This mirrors the 
findings observed in the Cpk mouse model of ARPKD, 
where increased levels of Gli3 transcript levels were de-
tected in cystic mice.

3.4  |  Reduction of GLI3 does not  
reduce the size of PKHD1-mutant 
spheroids

We next aimed to analyze the effect of Hh pathway inhibi-
tion on spheroid size in PKHD1-mutant HCDs. Initially, 
we inhibited Hh pathway activity using the SMO inhibitor, 

F I G U R E  3   Generation of a human in vitro model of PKHD1-mutant spheroids. (a) CRISPR-Cas9 was utilized to generate mutations 
within exon 5 of PKHD1 in a human collecting duct cell line. Alignment of Sanger sequencing data of PKHD1 exon 5 from clonal cell lines 
generated was analyzed using Synthego ICE analysis. PKHD1 wildtype sequence is underlined and sgRNA-binding site is highlighted in 
pink. Nucleotide deletion sites are indicated with a dash. (b) Representative images of isogenic wildtype control and PKHD1-mutant 3D 
spheroids formed in Matrigel following 6 days in culture. (c) The cross-sectional area of each spheroid was quantified, and the average 
spheroid area was calculated for each independent repeat. (d) Area of each individual spheroid quantified across all repeats. n = 5 
independent repeats. (e) Quantitative RT-PCR analysis of GLI3 relative to GAPDH from RNA extracted from isogenic wildtype control and 
PKHD1-mutant HCD cells cultured for 6 days. Relative Ct values of each gene of interest were normalized to isogenic wildtype control HCD 
cells. Data represent mean ± SD. Unpaired t-test. n = 4 independent repeats.
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cyclopamine, in both isogenic control and PKHD1-mutant 
HCD cells (Figure  4a). Treatment with 10 μM cyclopa-
mine for 6 days significantly reduced average spheroid 
size in both isogenic control and PKHD1-mutant cells in 
comparison to untreated cells (Figure  4b,c, p = 0.03 and 
p < 0.001). We subsequently examined the effect of modu-
lating GLI3 transcript levels on spheroid size in both iso-
genic control and PKHD1-mutant HCD cells. To reduce 
the levels of GLI3 transcript, HCD cell lines were trans-
fected with GLI3 siRNA prior to plating in Matrigel. Cells 
were either left untransfected or transfected with 30 nM of 
either non-targeting siRNA or GLI3 siRNA. Transfection 
with the GLI3 siRNA significantly reduced GLI3 transcript 
levels by 0.55-fold in PKHD1-mutant HCD cells, down to 
similar levels observed in control HCD cells (Figure  5a, 
p = 0.02). In isogenic control cells, GLI3 transcript levels 
were reduced by an average of 0.61-fold, however the level 
of knockdown was variable and not significantly different 
(Figure  5a). Although GLI3 siRNA reduced GLI3 tran-
script levels in PKHD1-mutant cells, it did not influence 
spheroid size with no significant difference in average 
spheroid area between all experimental conditions for the 
PKHD1-mutant cell line (Figure 5b,c). There was also no 

significant difference in spheroid area between any of the 
conditions for the isogenic control cell line (Figure 5b,c).

Thus, we have demonstrated that Gli3 is significantly 
upregulated in the Cpk mouse and a human PKHD1-
mutant clonal collecting duct cell line. Additionally, we 
have demonstrated that reducing the transcript levels of 
Gli3/GLI3 levels in both of these contexts does not alter 
disease progression or spheroid size respectively, suggest-
ing it is not required for ARPKD.

4   |   DISCUSSION

Despite studies observing an increase in Hh pathway lev-
els in both in vitro and in vivo models of ADPKD, as well 
as in human ADPKD tissue, (Chan et al., 2010; Jonassen 
et al., 2012; Tran et al., 2014) there has been a lack of re-
search regarding the role of Hh in murine and human 
ARPKD. Our findings have bridged this gap by identify-
ing a significant upregulation of the Hh transcriptional ef-
fector Gli3 in the Cpk mouse. Elevation of Gli3 transcript 
was in line with the period of rapid cyst progression at 
the later stages of the disease at P14 to P21. This provides 

F I G U R E  4   Cyclopamine treatment inhibits PKHD1-mutant spheroid size in vitro. Isogenic wildtype control and PKHD1-mutant 
HCD cells were embedded in Matrigel and cultured for 6 days to generate 3D spheroids. Cells were left untreated or treated with 10 μM 
cyclopamine, a SMO inhibitor, every 2 days. (a) Representative images of isogenic wildtype control and PKHD1-mutant spheroids at day 6, 
following 10 μM cyclopamine treatment. (b) The cross-sectional area of each spheroid was quantified, and the average spheroid area was 
calculated for each independent repeat. (c) Area of each individual spheroid quantified across all repeats. n = 3 independent repeats. Data 
represent mean ± SD. Two-way ANOVA with Tukey's multiple comparisons test. Statistical comparisons are shown relative to the untreated 
isogenic wildtype control and between conditions of the same cell type.
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the first evidence of Gli3 upregulation in an ARPKD mu-
rine model, paralleling data in ADPKD models and renal 
cystic mouse models caused by mutations in ciliary genes 
(Jonassen et  al.,  2012; Li et  al.,  2016; Tran et  al.,  2014). 
Similar to our findings, upregulation of the Hh pathway 
in other cystic mouse models, including Gli3, has only 
been observed at the more advanced stages of the disease 
(Jonassen et al., 2012; Li et al., 2016). In this study we also 
detected GLI3 upregulation in a newly developed human 
PKHD1-mutant cellular model, mimicking the findings in 
Cpk mice.

Further to this, we found an increase in the total GLI3 
protein level in Cpk mice at P14. Within the cell, GLI3 can 

act as either a transcriptional activator (GLI3A) or tran-
scriptional repressor (GLI3R) dependent on the activity of 
the Hh pathway in a context dependent manner (Matissek 
& Elsawa, 2020). In the Cpk model, we detected increased 
processing of GLI3A to GLI3R, with a tendency for re-
duced levels of GLI3A and elevated levels of GLI3R, indi-
cating Hh pathway inhibition in the highly cystic kidneys 
of Cpk mice. The importance of elevated GLI3R was not 
explored in this study, but previous work has shown that 
this can lead to severe pathological effects in the kidney 
during its development. In mice, the global overexpression 
of GLI3R causes severe renal developmental abnormal-
ities, with mice displaying hydroureter, hydronephrosis 

F I G U R E  5   GLI3 knockdown does not alter size of PKHD1-mutant spheroids. Isogenic wildtype control and PKHD1-mutant cells were 
transfected with non-targeting siRNA or GLI3 siRNA and embedded in Matrigel to generate spheroid structures. (a) Quantitative RT-
PCR analysis of GLI3 relative to GAPDH from RNA extracted from control and PKHD1-mutant HCD cells for all conditions 6 days after 
transfection. Relative Ct values of each gene of interest were normalized to untreated isogenic control HCD cells. (b) Representative images 
of isogenic control and PKHD1-mutant 3D spheroids that were not transfected or transfected with non-targeting siRNA or GLI3 siRNA. 
Images of the spheroids were taken at Day 6 at 20× magnification. (c) The cross-sectional area of each spheroid was quantified, and the 
average spheroid area was calculated for each independent repeat. Data represent mean ± SD. Two-way ANOVA with Tukey's multiple 
comparisons test. Statistical comparisons are shown relative to the untransfected isogenic wildtype control and between conditions of the 
same cell type.
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and some mutants having a bi-lobed kidney with a sin-
gle ureter (Blake et  al.,  2016). Pallister-Hall syndrome 
(PHS) is associated with truncating mutations in GLI3, 
which leads to the production of a constitutively active 
GLI3R-like protein (Johnston et  al.,  2005; McClelland 
et al., 2022). Around 27% of PHS patients have renal de-
velopmental abnormalities, most frequently these patients 
present with phenotypes such as hypoplasia or agenesis 
(McClelland et al., 2022).

A common feature of PKD pathogenesis is an in-
crease in cAMP levels, leading to the activation of ki-
nases such as PKA or GSK3β, key regulators of GLI3 
processing to GLI3R (Bergmann et  al.,  2018; Briscoe 
& Therond,  2013). It could be hypothesized that en-
hanced activity of kinases such as PKA or GSK3β, which 
is a common feature of PKD pathogenesis (Kakade 
et al., 2016; Tao et al., 2015; Ye et al., 2017), may increase 
GLI3 processing in the context of PKD. Previous studies 
have shown that overactivation of PKA activity within 
the context of PKD, leads to elevation of GLI3R and re-
duced GLI1 protein (Ye et al., 2017). These authors sug-
gested that the enhanced GLI3R activity may contribute 
to the cystic phenotype, with mice exhibiting elevated 
GLI3R caused by constitutive PKA activation develop-
ing more severe PKD (Ye et al., 2017).

Following on from the identification of increased levels 
of Gli3, the effect of modulating the levels of Gli3 was as-
sessed in the Cpk mouse model of ARPKD and in PKHD1-
mutant spheroids. Utilizing a Gli3 haploinsufficiency 
model, Gli3 transcript levels were significantly reduced in 
Cpk mice, although this did not alter the cystic phenotype 
of Cpk mice. To further interrogate the function of GLI3 
in the pathogenesis of ARPKD, a PKHD1-mutant spher-
oid model was then utilized. Initially, the Hh pathway was 
inhibited using the SMO-inhibitor cyclopamine, which re-
duced spheroid size in control and PKHD1-mutant HCDs. 
Pharmacological inhibition of SMO reduces cystogenesis 
in other in vitro PKD models, including metanephric cys-
tic explants and human primary ADPKD cells, as well as 
in vivo in the Pck rat model of ARPKD (Chan et al., 2010; 
Sato et  al.,  2018; Silva et  al.,  2018; Tran et  al.,  2014). 
However, a specific reduction of GLI3 transcript levels 
using siRNA did not alter spheroid size in PKHD1-mutant 
HCD cells.

The variation in in  vitro spheroid size observed after 
treatment with cyclopamine, compared with GLI3 siRNA 
inhibition, can likely be attributed to cyclopamine's more 
comprehensive inhibition of the Hh pathway. By antago-
nizing SMO, cyclopamine reduces the level of GLI1 and 
GLI2 (Hu et al., 2006), which may be key to modulating 
spheroid size in this model. Additionally, cyclopamine 
can have off target functions and has previously been 

demonstrated to inhibit growth and induce apoptosis, in-
dependently of SMO/GLI inhibition (Meyers-Needham 
et  al.,  2012; Zhang et  al.,  2009). Thus, the changes ob-
served in spheroid size following cyclopamine treatment 
are likely due to the broader effect on the Hh pathway or 
off-target effects.

Although, pharmacological modulation of the Hh 
pathway has been demonstrated to reduce cystogenesis 
both in vitro in this study and in vitro and in vivo in pre-
vious reports (Chan et al., 2010; Hsieh et al., 2022; Sato 
et al., 2018; Tran et al., 2014), there is limited data sug-
gesting that the genetic modulation of this pathway al-
ters PKD cystogenesis (Ma et al., 2019; Tran et al., 2014). 
Prior studies have not investigated the modulation of 
GLI3 specifically in cellular models of either ADPKD 
or ARPKD. Genetic manipulation of Gli3 in epithelial 
cells has previously been analyzed in the context of mu-
rine ADPKD. The loss of Gli2 and Gli3 did not alter cyst 
formation caused by mutations in Pkd1, indicating that 
the downstream Hh transcription factors, Gli2 and Gli3, 
have no role within the tubular epithelium in mediating 
cystogenesis in ADPKD (Ma et al., 2019). This matches 
the findings in this report which demonstrated no dif-
ference in disease progression in Cpk mice or spher-
oid size in PKHD1-mutant cells following Gli3 global 
repression.

A key limitation of this study is the level of GLI3 
downregulation achieved with these models. It should be 
considered that complete abrogation of the gene might 
impact cyst formation and progression, however this was 
not feasible in our in vivo model. Gli3XtJ/XtJ mice are em-
bryonic lethal and therefore it is not possible to analyze 
mice with a complete loss of Gli3 expression postnatally 
(Johnson, 1967). In our in vitro model, siRNA inhibition 
was able to reduce the levels of GLI3 down to that ob-
served in controls, although techniques like CRISPR-Cas9 
may be of use to study the total loss of GLI3 in this con-
text. Additionally, as GLI3R protein levels were elevated 
in Cpk mice, another approach could be to study the effect 
of altering the level of GLI3R on cyst formation and pro-
gression in the context of ARPKD. It would also be infor-
mative to assess how Gli3 downregulation alters other Hh 
components to fully understand the effects on the whole 
signaling pathway.

A significant obstacle to advancing our understand-
ing of the pathogenic mechanisms involved in ARPKD 
is the absence of genetically relevant models of ARPKD 
(Hiratsuka et al., 2022). The renal phenotype of Pkhd1-
mutant mice differs from the presentation of ARPKD 
in humans, varying from a complete absence of kid-
ney disease to slowly progressing late-onset renal cysts 
(Ishimoto et  al.,  2023; Williams et  al.,  2008; Woollard 
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      |  11 of 14RUSSELL et al.

et  al.,  2007; Yang et  al.,  2023), thus Cpk mice are 
widely used to model ARPKD (Chiu et al., 2006; Huang 
et al., 2016). Although the Cpk mouse does not contain 
mutations in Pkhd1 as seen in patients, the levels of fi-
brocystin protein are reduced by 90% in Cpk kidneys, as 
well as in cystin-depleted renal cortical collecting duct 
cells (Zhang et al., 2023). The levels of fibrocystin can be 
partially restored in Cpk mice with the collecting duct-
specific expression of a cystin-GFP fusion protein, indi-
cating a role for cystin in maintaining fibrocystin levels 
(Zhang et al., 2023).

Lastly, this report describes the development of 
a human cellular model of ARPKD. In recent years, 
there has been progress in the development of cel-
lular ARPKD models as a complementary approach 
to mouse models. PKHD1−/− ureteric epithelial cells 
isolated from human iPSC kidney organoids sponta-
neously form cyst-like structures when induced to form 
ureteric bud stalks (Howden et al., 2021). Additionally, 
two studies have described the use of organoids derived 
from ARPKD patient-derived iPSCs, although these 
did not reliably form cysts without cAMP stimulation. 
Moreover, in both studies these cystic tubules formed 
in LTL+ proximal tubules with only some developing in 
CDH1+ distal nephron regions (Hiratsuka et al., 2022; 
Low et al., 2019). CRISPR-Cas9 has also been employed 
in iPSCs to produce a PKHD1-mutant ARPKD kidney 
organoid-on-a-chip model. Organoids were exposed to 
fluid-flow on 3D millifluidic chips, resulting in the for-
mation of cyst-like structures in distal nephrons only in 
PKHD1−/− organoids and not in PKHD1+/− organoids 
(Hiratsuka et al., 2022).

We have described a novel human PKHD1-mutant 
cellular spheroid model, which can complement cur-
rent ARPKD organoid models. This PKHD1-mutant 
cell line contains a compound heterozygous PKHD1 
mutation in a region of the gene which contains several 
pathogenic variants in patients (Fokkema et al., 2011). 
Compound heterozygous mutations occur in the 
majority of ARPKD cases (Bergmann et  al.,  2005; 
Burgmaier et al., 2021), thus this PKHD1-mutant line 
is a valuable model. The PKHD1-mutant collecting 
duct cells form larger spheroids in 3D culture than 
isogenic controls over 6 days without the need of ad-
ditional stimulation or fluid flow. In future studies, 
it may be beneficial to enhance this phenotype, such 
as through forskolin addition, to stimulate cAMP 
(Sharma et  al.,  2019). A key advantage of this model 
is the formation of collecting duct spheroid struc-
tures, which is the primary cell type in which cysts 
form in patients with ARPKD (Bergmann et al., 2018). 
However, a limitation of the assay is that it lacks the 

cellular complexity and microenvironment that would 
be present in ARPKD tissue, such as the vasculature, 
immune or surrounding interstitial cells, which are 
important to fully mimic the cystic environment. 
Additionally, these PKHD1-mutant spheroids are re-
sponsive to drug treatment as demonstrated using the 
drug cyclopamine. Hence, this cellular model is highly 
valuable due to its ease of use and scalability as well 
as having the potential to be utilized in applications 
such as high-throughput drug screening, facilitating 
the evaluation of novel therapeutic interventions.

Overall, we have demonstrated that although levels 
of GLI3 are enhanced in models of ARPKD, dampen-
ing this upregulation does not alter cyst progression 
or spheroid size in mouse and human models respec-
tively, highlighting the functional complexity of the Hh 
pathway in ARPKD. In addition, we have developed a 
PKHD1-mutant spheroid model which provides a cru-
cial resource for studying the pathogenesis of the dis-
ease, as well as discovering novel therapeutic targets 
and drugs aimed at addressing the needs of individuals 
with ARPKD.
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