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Abstract

Pathological liver cysts are an important comorbidity in mul-
tiple diseases and syndromes(l, 2) driven by dysfunction
of the primary cilium (PC), a complex sensory organelle
that protrudes from the apical surface of biliary epithelial
cells (BECs)(3, 4). The essential nature of PC in liver
development(5, 6) makes understanding the molecular role
of this organelle in the structural maintenance of the adult
bile duct challenging. Here, we show that PC loss deletion of
Wdr35 in adult mouse BECs is sufficient to cause bile duct
expansion, driving cyst formation through the de novo pro-
duction of a fibronectin-rich pro-cystic microenvironment.
This newly formed niche promotes both cell-autonomous
changes in cell shape and duct-level mechanical rearrange-
ments that converge to drive cyst-fission, a novel process
whereby single, large cysts undergo morphological splitting.
This process gives rise to many, smaller polycystic progeny
and can be halted by pharmacological inhibition of a specific
pro-cystic integrin receptor.

Results

Genetic alterations in PC genes result in hepatorenal fibro-
cystic diseases (HRFCD), such as hereditary polycystic kid-
ney diseases, which is caused by mutations in PKD1, PKD?2
or PKDHI(7-9). Interestingly, isolated polycystic liver dis-
ease (PCLD) is driven by mutations SEC63, GANAB or
PRKCSH, among others, all of which encode ER-associated
proteins that play roles in protein transport, folding and traf-
ficking to PC(10, 11). Complex fibropolycystic features are
also associated with syndromic ciliopathic disease in which

key PC genes, such as intraflagellar transport (IFT) genes
(WDR35/IFT121, WDRI19/IFT144 and IFT56) that are re-
quired to build and maintain PC are mutated(12—14). Across
these diseases, cysts form throughout the liver, however it re-
mains unclear whether BEC PC-loss per se in the adult is suf-
ficient to promote liver cystogenesis (Figure 1a summarises
the mutations associated with PCLD).

Previous reports suggest that in liver cysts from autosomal
dominant polycystic kidney disease, PC length decreases
with cyst size(15). To determine whether loss of a func-
tional primary cilium was sufficient to promote the formation
of cysts within the liver we deleted the Wdr35/Ift121 gene
specifically in BECs (using Krt19-CreERT mice, Supple-
mentary figure 1a-1b). WDR35/IFT121 is part of a highly
conserved, non-core IFT-A complex that we have shown is
essential for the transport of ciliary membrane cargo, and
necessary for PC elongation and signalling(16). This ap-
proach enables us to define the roles of PC specifically
in adult biliary homeostasis, separating whether changes in
PC per se cause PCLD rather than being a consequence
of errant ductal plate patterning found in embryonic cilia-
mutants(6, 17). In control Krt19-CreERT ;Wdr35T/+ (re-
ferred to as Wdr35/7) bile ducts, IFT88/ARL13B-positive
PC protrude from the apical surface of BECs; however in
Krt19-CreERT ;Wdr35—/~ (abbreviated to Wdr35~/~) BEC
PC are largely absent and instead exist as IFT88-positive,
shortened rudiments lacking ARL13B and normal PC func-
tion, as we have previously described (Figure 1b and Sup-
plementary figure 1c).

In Wdr35T/ mice, bile ducts are arranged around portal
veins forming a network of small, pan-cytokeratin positive
ductules. Following deletion of Wdr35 from BECs, pan-
cytokeratin positive ducts become progressively polycystic
between 6 and 12 months, with a small but significant in-
crease in BEC proliferation. This results in an increase in
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Fig. 1. Selective loss of Wdr35 in BECs results in PC loss and the formation of polycystic liver disease linked to TGFS signalling. a. The genetic mutations
associated with autosomal polycystic kidney disease (in which cysts arise in kidney and liver), isolated polycystic liver disease and syndromic cystic diseases (CHF) can
affect the formation, stability or protein trafficking to the primary cilium. b. Cilia are defined by the presence of ARL13B (cyan) and AcTUB (yellow) expressed by KRT19
expressing bile ducts (magenta), DNA in grey. Scale bar = 100 um. ¢. Number (Wdr35+/4r N=11 animals and War35~/~ N=8 animals) and area of ducts or cysts in 12
month Wdr35T/+ and Wdr35~/~ livers (War351/ T n=812 ducts and Wdr35-/- n=3834 cysts). d. Serum alkaline phosphatase (ALP) levels of 12 month War35t/+ (N=10
animals) and Wdr35_/_) (N=8 animals) mice. e. UMAP of single cells showing segregation of Wdrsst/+ (cyan) and Wdr35—/— (salmon) cells. f. Go term analysis of
marker genes in cluster 1 ( 87% composed of wdr3st/+ cells) and cluster 2 (97% composed of Wdr3s—/— cells), identified by hiercharcical clustering. g. UMAPSs of normal
(Wdr35%/+ n=3060 cells) and cystic cells (n=966 cells) showing single cell expression of Tgf3 1, Tgf31, Tgf3r2 and Smad3. h. Immunohistochemistry of control tissue and
Wdr35~/~ cyst bearing livers stained for KRT19 (yellow), TGFBRII or pSMAD35423/ 5425 (magenta, white arrows denote positive staining in BECs) and SMAD4 (cyan).
DNA is represented in grey. Green dotted lines denotes the boundary of the duct or cyst, white arrows denote positive cells (scale bar=100 pm).
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both the number of cystic ducts and their area over this pe-
riod (Figure 1c and Supplementary figure 1d-1f) similar
to reports for adult Pkd2 deletion (17). The development
of PCLD following Wdr35-loss also results in an elevation
of serum alkaline phosphatase levels, indicating that PC-loss
and the formation of liver cysts leads to biliary inflamma-
tion (Figure 1d) without affecting other hepatic functions
(Supplementary figure 2).

Whilst symptomatic liver cysts are a comorbid factor in mul-
tiple diseases, little is known about the molecular processes
that enable normal ducts to become pathological cysts. We
therefore sought to define the molecular changes that BECs
undergo as they become cystic. CD45-/CD31-/EpCAM+
BECs from Wdr35%/% or Wdr35—/~ livers were isolated 12
months following PC-loss (Supplementary figure 3). Us-
ing 10X single cell RNA sequencing (scRNA) we analysed
the gene expression of 3060 normal and 966 cystic cells.
BECs cluster into 4 distinct and highly stable populations
(Figure 1le and Supplementary figure 4a-d) based on hi-
erarchical clustering and whilst normal and cystic cholangio-
cytes cluster separately at the transcriptional level. RNA ve-
locity (18, 19) predicts that cystic cells are derived from nor-
mal BECs as expected rather than transformation from other
hepatic cell types (Supplementary figure 4e). Within the
four clusters identified, the majority of Wdr35+/+ cells fall
within cluster 1, however most Wdr35~/~ cells occupy clus-
ter 2 (cluster 3 and 4 are a mixture of cells from both WT and
mutant animals) and regardless of genotype cells continue to
express a number of BEC-specific markers (Supplementary
figure S5a and 5b). A large number of genes were differen-
tially expressed between clusters 1 and 2 (Supplementary
table 1 and Supplementary figure 6a and 6b) and gene on-
tology (GO) term analysis identified multiple transcriptional
signatures that were enriched in Wdr35~/— cells, includ-
ing Ca2+ and MAPK signalling, which have been associated
with the formation of renal(8) and hepatic(20) 2022 cysts
(Supplementary figure 7a-7d). Hedgehog signalling, which
is tightly controlled by the cilium in other contexts (21, 22),
was not altered in cystic cells (Supplementary figure 7e);
rather, GO terms associated with cytoskeleton remodelling
and cell-matrix adhesion (23, 24), namely TGF3 (25)( and
integrin(26) signalling were changed (Figure 1f and Supple-
mentary table 2) adding further support to the idea that al-
terations in the extracellular matrix (27) and cytoskeletal re-
modelling, in addition to induction of known cystogenic sig-
nalling signatures promote the generation of cysts in vivo.

Canonical TGFS promotes SMAD3 phosphorylation, and
with SMADA4 regulates inflammatory cytokines and extracel-
lular matrix gene transcription. In the liver, TGF3-SMAD
signalling is a central driver of biliary fibrosis (28), but is
constrained to nascent portal fibroblasts surrounding ducts
that produce collagen in response to TGF3(29). In con-
trast, our data suggests that cystic BECs themselves may
be targets of TGFf ligands. We sought therefore to de-
fine the role of TGFS in liver cyst formation. In addition
to upregulation of Tgfbl and Tgfb2 ligands, cystic BECs
significantly upregulate transcription of the receptor Tgfbr2
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and the downstream effector of this pathway Smad3 (Figure
1g). We confirmed levels and localisation by immunofluores-
cence whereby Wdr35+/+ BECs do not express TGFBRII;
however 12-months following Wdr35-loss, TGFBRII is api-
cally enriched on cystic BECs (Figure 1h). To test whether
the presence of TGFBRII on cystic BECs was indicative of
cysts being TGF/3 responsive, we examined SMAD expres-
sion. In control Wdr35%/* bile ducts, SMAD4 is present
but lowly expressed and with the exception of small num-
bers of cells, (active) pSMAD35423/5425 j5 absent. In con-
trast, in cystic BECs, high nuclear SMAD4 and extensive
PSMAD35423/5425 gtaining is observed. Active SMAD
signalling in the epithelium of ADPKD renal cysts has been
described (30) suggesting there could be common TGF -
mechanisms of cyst formation between diseases. To test this,
we assessed cystic tissue from PCLD patients where either
the causative mutation has not been identified or which are
driven by mutations in SEC63 (an ER protein thought to be
involved in processing of PC proteins amongst others(31))
or PRKCSH (an essential subunit of an ER-residing glucosi-
dase, necessary for PKDI trafficking(32)) (Figure 1a). In
these genetically diverse human pathologies, elevated nu-
clear SMAD4 and pSMAD35423/ 5425 gre detected in cystic
BECs, confirming that TGFf signalling is a common hall-
mark of liver cyst formation (Supplementary Figure 8a).

As TGFp signalling is activated in cystic BECs, we postu-
lated that TGF3-SMAD is necessary for the conversion of
normal ducts into cysts. We adapted previous liver organoid
methodologies(33) to isolate bile ducts from wild type mice.
These ex vivo ducts are cultured in Matrigel and form
rounded sphere-like cystic structures within 72 h (Figure
2a). In this assay, treatment of ducts with the SMAD3-
inhibitor SIS3 significantly reduces the area of cysts, and
rather than developing into dilated cystic structures, ducts re-
main as tubes with closed ends (Figure 2b). Given the fail-
ure of SIS3-treated ducts to form cysts and evidence from
our BEC-specific scRNA data (Figure 1) we hypothesised
that signalling through SMAD3 enables BECs to alter their
physical microenvironment, thereby promoting cystogenesis.

To define this, we isolated total protein from freshly isolated
bile ducts or ducts cultured for 72 h and treated with either
SIS3 or a vehicle alone. Using a custom Reverse Phase Pro-
tein Array, a sensitive antibody-based proteomic approach bi-
ased to detect changes in ECM and cell-adhesion proteins,
we found that when compared to freshly isolated ducts, 72
h cultured ducts increase fibronectin production as they be-
come cystic. Furthermore, the level of fibronectin produced
is significantly reduced in cultures that have been treated with
SIS3 (Figure 2c¢).

The fibronectin gene, Fnl is a target of SMAD?3 in vitro(34)
and our data from both mouse (Figure 1) and human cells
(Supplementary figure 8cand 8d) indicates that via TGF3-
SMAD3, BECs alter their own microenvironment by induc-
ing fibronectin expression, in addition to a range of other
ECM components. Fibronectin acts as a nucleating pro-
tein for fibrillar collagens (including collagen-I and collagen-
IV), which interact with laminins to promote formation of
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Fig. 2. Cystic epithelial cells are sensitised to TGF3 signalling thereby promoting the formation of a pro-cystic ECM. a. Schematic representation of duct-to-cyst
cultures where wild-type bile ducts are plated in ECM and form cysts within 72 h of culture and can be treated with small molecule modulators like SIS3. b. Images, left,
show typical structures of ducts and organoids in 72 h culture with and without SIS3 treatment. Quantification, right, of ex vivo cultures treated with the SMAD3-inhibitor, SIS3
(n=487 ducts in vehicle and n=378 ducts in SIS3). ¢. Protein expression of fibronectin in freshly isolated ducts, after 72h culture with vehicle treated duct-to-cyst cultures or
SIS3-treated duct-to-cyst cultures (n=3 where each n represents ducts isolated from two separate mice per condition). d. UMAP showing single cell transcript expression
of Fn1 and Lamb3. e. Quantification of immunohistological expression of fibronectin (n=284 War3st/+ cysts from 11 animals and n=237 Wdr35~/~ from 8 animals) and
pan-laminin (n=177 v cysts from 11 animals and n=299 War35t/+ cysts) around bile ducts and cysts in 12 month livers. f. Schematic detailing the protocol for treatment
of cyst bearing Wdr35~/~ mice with SIS3. g. Number and log size of panCK positive structures in cyst bearing mice treated with vehicle alone or SIS3 for 3 weeks (N=6
animals in vehicle group and N=7 animals in SIS3 treated). h. Serum Alkaline Phosphatase levels in cyst bearing mice treated with vehicle (N=4 animals) or SIS3 (N=7
animals). i. Fibronectin levels in Wdr35~/ ~animals treated with SIS3 (n=277 cysts from 6 mice) or vehicle (n=196 cysts from 7 mice) alone. j. REVIGO output showing the
rationalised GOterms following GOrilla analysis.
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the basement membrane(35). Wdr35~/~ cystic BECs ex-
press high levels of Fnl, Lama5, Lamb3, Lamcl, Col4al
and Col4a2, but not Collal or Colla2 when compared to
Wdr35+/+ BECs (Figure 2d; Supplementary figure 9a
and 9b and Supplementary table 1). In addition to these
transcriptional changes, we confirmed the ECM surround-
ing Wdr35~/~ cysts is different from Wdr35T/ bile ducts,
showing an expanded basement membrane with increased fi-
bronectin and laminins (Figure 2e).

Our ex vivo duct culture shows BEC-derived fibronectin pro-
motes cyst expansion via SMAD3, therefore we administed
6-month cyst-bearing Wdr35~/~ animals the SMAD3 in-
hibitor, SIS3 or vehicle alone for 3 weeks (Figure 2f). In-
hibition of SMAD3 did not reduce the number of panCK-
positive cysts in the Wdr35—/~ liver; however, it signifi-
cantly reduced cyst size (Figure 2g). Moreover, SMAD3-
inhibition ameliorates biliary alterations as evidenced by re-
duction of levels of serum alkaline phosphatase (Figure 2h)
and glutamate dehydrogenase (Supplementary figure 10a)
and is associated with a significant reduction in fibronectin
deposition around cysts following SIS3-treatment (Figure
2i). Finally, we took an agnostic approach to examine how
TGF3-SMAD3 regulates cyst formation in PCLD. CDA45-
/CD31-/EpCAM+ BECs were isolated from Wdr35 —/= cysts
treated with either SIS3 or vehicle and subjected to bulk
RNA sequencing. Upon SIS3-treamtent, cystic BECs were
transcriptionally distinct from those isolated from vehicle
animals (Supplementary table 3). Analysis with GOrilla
and REViGO (Supplementary table 4) showed that SIS3-
treatment changes gene sets associated with tubular morpho-
genesis, branching, and organisation of the ECM, reiterat-
ing that SMAD?3 regulates a range of biological processes
required for cyst generation (Figure 2j).

How cystic BECs receive and interpret signals from this
changing extracellular niche remains unclear. In heterocel-
lular scRNA data, receptor-ligand interaction modelling pre-
dicts functional interactions between different cell-types(36,
37). Here, using SingleCellSignalR(36) we sought to de-
fine whether there are cell-type autonomous signals between
BECs and address whether these interactions change as BECs
transition to cysts. Within wild-type BECs, a number of
receptor-ligand interactions were identified (Figure 3a and
Supplementary table 5), notably between Fnl, encoding
for fibronectin, and Itghl (31-integrin), a canonical ECM
receptor which heterodimerises with other a-integrin sub-
units to sense alterations in the ECM. Analysis of cystic
Wdr35~—/— BECs also identified candidate interactions be-
tween Itghl and Fnl, however this Fnl domain was ex-
panded including putative Wdr35~/~-specific interactions
with Itga2, Itga3, Itgav, Itgb6, Cd44 and Plaur (Figure 3a
and Supplementary Table 6). As integrin-receptor affin-
ity is altered depending on the relative expression of both
a- and (- subunits(38), we clustered wild-type and cystic
BECs based on genotype (Wdr35H/+ vs Wdr35=/7) to de-
fine which integrin subunits are most differentially expressed
between these groups (Supplementary Figure 11a). S1-
integrin (Itghl) is universally expressed by BECs whether
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they are normal or cystic, whereas a2-integrin (Itga2) is se-
lectively expressed by Wdr35~/~— mutant cells (Figure 3b
and Supplementary figure 11b). Integrin-a251 is a rela-
tively promiscuous integrin that binds laminins, fibrillar col-
lagens and fibronectin and both ITGB1 and ITGA?2 proteins
are expressed on cystic BECs from Wdr35~/~ mice (Figure
3c, Supplementary figure 11b). Furthermore, downstream
mediators of integrin signalling Pxn, Fermtl, Ilk, Tinl, Actnl
and Rhoc were also upregulated in Wdr35~/~ cysticBECs
(Figure 3d). In other ductular systems, ECM-integrin sig-
nalling regulates the actin cytoskeleton thereby modulating
cellular width and apico-basal tension((39—41). In liver cysts,
BECs have a generalised increase phosphorylated myosin
light chain 2 (pMLC2) expression compared to their wild-
type counterparts (Figure 3e-3g). In Wdr351/+ BECs, low
levels of pMLC2 are preferentially localised to the basal do-
main of the cell, however cystic BECs have significantly in-
creased apical levels of pMLC2 (Figure 3h). This increase
in apical pMLC2 levels in Wdr35~/~ cystic BECs is asso-
ciated with a significant increase in BEC width (from lateral
membrane to lateral membrane, Figure 3i). Together, our
data support that loss of PC signalling in BECs lead to pro-
found cell-autonomous morphogenetic changes, driving cyst
formation in the adult liver (Figure 3j).

As in our mouse model of PCLD, patients with cystic liver
diseases have high levels ITGA2 and pMLC2 on cystic BECs
regardless of underlying causative genetics (Supplementary
Figure 12a), suggesting ciliary or trafficking-mediated dis-
ruptions converge on similar pathomechanisms. We further
confirmed the presence of integrin-a21 in cystic epithe-
lium from both liver and kidney cysts from the PkhdIP°* rat
(a model of autosomal recessive polycystic kidney disease,
ARPLD; Supplementary Figure 12b and 12c¢), suggesting
that a transition to integrin-«2/31 mediated-sensing of the mi-
croenvironment may be a common mechanism during cyst
formation across genetic models, species and tissues.

Patients with PCLD, by definition, present with multiple
(>10) cysts in their liver; however, it remains unclear whether
each cyst originates clonally from a mutant precursor cells
(i.e. many separate originating events) or whether cysts
themselves divide to produce a polycystic pattern of dis-
ease (i.e. cells of origin are divided between multiple cysts).
Recent work demonstrated that ductal plate malformation
during embryogenesis and/or loss-of-heterozygosity is re-
quired for cyst formation(42—44). In other epithelial sys-
tems, loss-of-heterozygosity (in tumour suppressor genes
for example) drives clonal selection(45, 46). To determine
whether the cysts that form following Wdr35-loss are de-
rived from multiple individual clonal events or because of the
division of cysts, we crossed K]9CreERT;Wdr35fl°“’/fl°“’
mice with the Confetti lineage reporter mouse line
(K19CreERT ;Wdr35Ttor/ floz . RoglSL=Confettiy - 1n this
model, upon CRE recombination, cells are stochastically
labelled with one of nGFP, mCFP, cYFP or cRFP (or no
fluorescence)(47), thereby enabling clonal tracing of recom-
bined cells in BECs (Figure 4a). Six months following
Wdr35-deletion (and Confetti labelling) livers were surveyed
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Fig. 3. Cystic cells expand their ability to interact with a fibronectin-rich microenvironment and alter their cell shape. a. SingleCellSignalR analysis of ligand-receptor
interactions in scRNAseq data from Wdr3st/+ and Wdr35~/~ animals. b. UMAP showing the transcriptional expression of /tga2 and ltgb1 ¢. Immunohistochemistry for
Collagen-1V (cyan) and a:2-integrin (magenta) in normal and cystic livers. Scale bar=100 um. Yellow dotted line denotes the boundary of a duct or cyst. d. Histograms
from scRNA data of Pxn, Fermt1, Ik, Tin1, Actn1, Rhoc comparing median transcript levels between Wdr3st/+ and Wdr35—/~ biliary cells. e. Intensity projection of
PMLC2 staining in normal bile ducts compared to cysts. Dotted line denotes boundary of ducts and cysts. f. Quantification of pMLC2 intensity across the apico-basal axis
of normal biliary cells (grey line) and cystic epithelial cells (black line). g. Average pMLC2 intensity in normal and cystic biliary cells. h. Apical and basal pMLC2 levels
in biliary cells from Wdr35t/+ and Wdr35~/~ animals (for f-h, n=101 Wdr35t/+ cells and n=252 Wdr35~/~ cells from 4 animals per group). i. Width of biliary cells
from War35T/% (n=165 cells from 4 livers) and War35~/~ (n=172 cells from 4 livers) mice. j. Schematic demonstrating the relationship between integrin-high states and
cytoskeletal rearrangements Wdr35~/~ animals treated with SIS3 (n=277 cysts from 6 mice) or vehicle (=196 cysts from 7 mice) alone.

using 3D confocal imaging using the FUnGI protocol(48)).
In Wdr35t/*-Confetti mice, confetti-labelled BECs re-
mained as single cells (Supplementary figure 13a). In
Wdr35—/—-Confetti mice, small, isolated cysts were clonal
in colour i.e. derived from a single labelled BEC (Figure
4b and Supplementary figure 13a). However, where clus-
ters of cysts had formed (i.e. regions of polycystic disease),
they were comprised of labelled and unlabelled cells. Fur-
thermore, within clusters of cysts, adjacent cyst walls often
shared the same label colour, strongly implying that polycys-
tic disease forms from multiple mutant cells and those large
cysts may undergo cyst-fission and “pinch off” to generate
smaller, daughter cysts (Figure 4b).

To explore this further, we adapted our ex vivo duct culture
(Figure 2a) and found that as ducts become cysts, BECs ex-
press ITGA2 protein de novo, which localises to the basal
(non-luminal) surface of cysts (Figure 4c). Treatment of
these ex vivo cultures with the integrin-a231 inhibitor, TC-
I 15, significantly reduced the area of cystic structures that
formed compared to vehicle-treated cultures alone (Figure
4d). Moreover, cystic cholangiocytes isolated from patients
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with PCLD harbouring pathogenic mutations in GANAB (c.
2515 C>T) or PRKCSH (c. 292+1G>C) treated with TC-I
15 for 48 h demonstrated reduced proliferation (Figure 4e),
which was not the case for TC-I 15-treated normal human
BECs (Figure 4f). This growth inhibition was also seen in
Pkhd1P°* cystic rat BECs and PkhdIP°* organoids following
TC-I 15 treatment (Supplementary Figure 13b and 13c), re-
iterating the requirement of integrin-a231 in the growth of
cystic epithelial cells across genetic origins and species.

To test whether integrin-o231 inhibition in vivo was suf-
ficient to halt or reverse disease progression in cyst bear-
ing animals, 6-month old Wdr35 —/~ mice were dosed with
TC-I 15 for 3 weeks (Figure 4g). In treated animals, the
level of pMLC?2 staining in cystic BECs was significantly de-
creased compared to untreated cysts, indicating that integrin-
a2p1 signalling in vivo directly underlies the cytoskeletal
remodelling observed in cystic epithelial cells (Figure 4h).
Treatment of cyst-bearing animals with TC-I 15 did not re-
duce cyst size in these animals (in fact, cysts are moder-
ately larger), however significantly fewer cysts formed fol-
lowing treatment without an appreciable difference in serum
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Fig. 4. Integrin-a231 promotes hepatic cystogenesis by mediating cyst fission. a. Schematic  representation of the

(K19CreERT ;Wdr3s5'tox/ flow poglSL—Confettiy gang the lineage traced outcomes of cysts in this model, where cysts could arise from either a single clone or
from multiple clones. b. (K19CreERT ;War35~/— ;R26" 51 —Conretti) jivers cleared with FUnGI and imaged for EpCAM (grey), cYFP (yellow) or cRFP (magenta). White
boxes represent magnified regions of interest. Orange dotted line denotes a collection of cysts that share a single mutant clone. Scale bar = 100 xm ¢. Immunoblot showing
ITGAZ2 (integrin-«2) and GAPDH protein expression in freshly isolated bile ducts compared to those cultured for 72 h. Immunocytochemistry shows the localisation of ITGA2
(magenta) and F-actin (phalloidin; yellow) in 72 h cultured ducts (white arrows highlights ITGA2 localized at the basal surface of the cell). d. Area of cultured ducts as they
become cystic when treated with either the integrin-2/31 inhibitor TC-1 15 (n=439) or vehicle alone (n=354) for 72 h. e. Proliferation of BECs from patients with mutations in
GANAB or PRKCSH treated with the integrin-a2/31 inhibitor TC-I 15 or vehicle alone (N=9 represents experimental replicates). f. Healthy control human BECs treated the
same way as (e). (N=9 represents experimental replicates). g. Schematic demonstrating the strategy for in vivo inhibition of integrin-a231. h. Median expression of pMLC2
staining in cystic cells treated with either vehicle (n=176 cysts from 7 mice) or integrin-a:231 inhibitor, TC-1 15 (n=73 cysts from 6 mice). i. Quantification of cystic luminal
area in the livers of mice treated with TC-1 15 (N=6 mice) or vehicle (N=7-8 mice) or number of cysts in the same experiment (right panel).

biochemistry (Figure 4i and Supplementary figure 13d),
indicating that in polycystic disease cysts undergo active,
integrin-a231-dependent fission and this cell autonomous
process drives disease progression.

lar processes that drive cystogenesis particularly in the liver
is lacking and as such, we have struggled to define unify-
ing mechanisms by which hepatic cystogenesis can arise.
Our data shows that this via TGFS5-SMAD signalling cystic
BECs condition their microenvironment thereby promoting
integrin-dependent cyst-fission to generate polycystic disease

Discussion in a process reminiscent of intestinal crypt fission, where in-

Hepatorenal fibrocystic diseases are the most common mono-
genic diseases in the world(3, 49). The genes that, when
mutated, give rise to these conditions are well defined but
heterogeneous and converge on the form and function of
primary cilia. Despite this, our understanding of the cellu-
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flation and collapse result in new crypt structures commonly
found in pre-neoplastic colonic disease(50-52). We suggest
that cyst-fission in PCLD is unlikely a passive process of in-
flation and collapse, rather septa driven by reactivation of
tissue morphogenesis and cytoskeletal remodelling actively
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drives this process and we propose is likely to generate cysts
in liver pathologies in which groups of cysts remain inter-
linked and connected to the biliary tree such as CHF and au-
tosomal recessive polycystic liver disease. Cyst fission re-
veals new pharmacological targets that can be leveraged to
limit the formation of cysts across multiple tissues.

Supplementary tables:

e Supplementary table 1: Differentially expressed
genes between cluster 1 and 2 following single cell
analysis.

¢ Supplementary table 2: Enriched GO and KEGG
terms when comparing scRNA from cluster 1 and 2.

e Supplementary table 3: Differentially expressed
genes between vehicle and SIS3 treated cyst-bearing
animals.

* Supplementary table 4: GOrilla and REViGO out-
puts from DEGs presented in Supplementary table 3.

* Supplementary table 5: Putative cell autonomous
ligand-receptor interactions in wild-type epithelial
cells.

e Supplementary table 6: Putative cell autonomous
ligand-receptor interactions in cystic epithelial cells.

e Materials table 1: Clinical characteristics of human
tissue samples.

* Materials table 2: Antibodies used in this study.
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Supplementary Figure 1: Loss of Wdr35 in BECs promotes increased cyst formation over time.

a.Schematic of the genetic strategy for deleting Wdr35 in biliary cells. b. Immunohistochemistry of Wdr35 +/+ and Wdr35—/~
livers stained for panCK (brown). b.d.-bile duct, c.v.-central vein, p.v.-portal vein ¢. Quantification of IFT88 and ARL13B
positive cilia in Wdr351/% (N=10 mice) and Wdr35~/~ BECs (N=8 mice). d. Luminal area of cysts (Wdr35+/* n=426
ducts from 7 mice and Wdr35~/~ n=659 cysts from 6 mice), left panel, and cyst number per mouse (Wdr35T/+ N=7 and
Wdr35~/— N=9), right panel, six months following Wdr35-deletion.e. Proportion of Ki67 positive (proliferative) cells in cysts
12 months following Wdr35-loss (Wdr35T/+ N=6 animals and Wdr35 —/~ N=6 animals). f. Immunohistochemistry for panCK
on Wdr35t/+ and Wdr35~/~ at 6 months (middle panel) and 12 months (right panel). Green lines denote duct regions where
cells are columnar and magenta lines are regions occupied by cystic epithelial cells. Scale bar=100 ym.
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Supplementary Figure 2: The loss of cilia in murine BECS in adult animals does not universally
affect liver function.

a. Blood serum biochemistry from animals in which Wdr35 is deleted in BECs 12 months following deletion Wdr35t/+ (N=10
mice) and Wdr35 ~/~ BECs (N=8 mice). See also Figure 1d.

Waddell, Yao etal. | bioRxiv | 11


https://doi.org/10.1101/2022.04.08.487546
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.08.487546; this version posted April 8, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Krt19-CreER'; Wdr35**

2501 = 250

200k =

=
5 oty
]
% 8
= s 10+ 0.0083
g '3
°3 o~ 87
o 1024 = un
| T T T L} T Y O =
FSC-A FSC-A DAPI* (405-450) CD31* CD45" (PECy7*; 561-610) E 2 6
£ 8
= L2
EpCAM*; lin" cells e
Krt19-CreER": Wdr35* @ Fr <%
2 R
P P | w < 2-
1 |ﬂ15‘
o 2] ; 0 !
1 'y X X
o] %
2 @ b{bb \g&‘b
o 2 1 N
50K = sk = W
3
LN |
T T

T T Ty Ty
250K 3 3 a 5
10 ° 10 ) o 10 0°

10 1 '
DAPI* (405-450) CD31° CD45* (PECy7"; 561-610)

T T T T
00K 150K 20K 250K

FSC-A

Supplementary Figure 3: Normal and cystic BECs can be isolated from the liver using EpCAM.

a.Flow cytometry gating strategy for single cell sequencing. Briefly, single cells were stained with DAPI. Live cells were then
gated for CD45- and CD31- and EpCAM+. CD45-/CD31-/EpCAM+ cells were used as input for scRNAseq. b. Proportion of
total cells that are positive for EpCAM (N=6 mice per genotype).
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Supplementary Figure 4: Cystic BECs are transcriptionally distinct from normal BECs.

a. The Elbow method was used to determine the optimal number of clusters within the scRNA dataset. The dashed line at
10 Principal Components (PCs) corresponds with the point of inflection. b. Ward-linkage hierarchical clustering with squared
Euclidean distance was used to obtain 4 clusters and determine cluster stability across different PCs. Increasing from PCS5 to
PC10 shows a slight difference however beyond PC10 clustering remains stable. ¢. Heatmap showing the log;0 FDR from test
difference in mean for all pairs of cluster. The difference between any pairwise clusters is significant. d. PC10 was determined
as the appropriate input for subsequent analyses. e. UMAP embedding of BECs, coloured by identified clusters and overlaid
with the RNA velocity stream.
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Supplementary Figure 5: BEC markers are consistently expressed across normal and cystic
cells.

a.Transcript expression of Sppl and Epcam in both Wdr351/+ and Wdr35—/~ BECs. Immunohistochemistry showing im-
munopositivity of OPN1 and EpCAM (yellow) in both normal and cystic BECs (scale bar=100 pm). b. Transcript expression
of BEC genes Cftr, Clu, Sox9, Hnfl 3, Krt19 and Tspan8.
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Supplementary Figure 6: Cystic BECs express specific subsets of genes.

a.Transcript expression of Pdpn and Vcaml specifically in cystic epithelial cells. b. Immunohistochemistry for PDPN and

VCAMI in Wdr35+/+ BECs and Wdr35~/~ BECs (scale bar=100 zim).
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Supplementary Figure 7: Cystic BECs are enriched for components of Ca’* and MAPK sig-
nalling

a.Immunofluorescent staining of Wdr35+/+ and Wdr35~/~ ducts stained for KRT19 (magenta), acTUB (yellow), PKD2
(cyan). Scale bar=100 pm, inset scale bar 20 pm. White arrows denote PKD2 (Polycystin-2) expression in acTUB-positive
cilia, Orange arrows denote acTUB rudiments lacking PKD2 expression. White box denotes region of magnification. b.
Transcript expression of Ca2t signalling/PKA components, Anxa2, Calml, S100a6, Prkarla, Pde4b and Ak6 is enriched in
cystic BECs. ¢. pERK immunohistochemistry Wdr351/+ and Wdr35~—/~ ducts arrows denote positive cells. Scale bar=100
pm). d. Transcript expression of MAPK pathway intermediates Map2k2, Map3k2 and Map4k4 are enriched in cystic BECs. e.
mRNA expression from scRNA of Hedgehog pathway components Smo, Ptchl, Ihh, and Sufu.
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Supplementary Figure 8: Human BECs treated with recombinant TGF/ express higher levels
of ECM molecules.

a. Diagram demonstrating where isolated polycystic liver disease mutations are within cilia biogenesis. b. Immunohisto-
chemistry of SMAD4 (cyan) pSMAD3°423/5425(magenta, arrows) KRT19 (yellow) in human cysts with a PRKCSH, SEC63
mutation or tissue where the causative mutation is unknown. Scale bar=100 pm. ¢. Schematic demonstrating the experimental
approach where H69 human cholangiocytes were stimulated with 10 ng/ml TGF/ for 16 h. d. Differential gene expression of
ECM genes and integrins in human BECs following TGF/3 stimulation.
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Supplementary Figure 9: Mouse cystic BECs are enriched for extracellular matrix transcripts
and exist in an expanded ECM.

a. UMAP showing expression of Col4al,Col4a2, Coll8al, and Colgaltl. b. UMAP showing expression of Collal and Colla?2.
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Supplementary Figure 10: Blood biochemistry from mice treated with the SMAD3 inhibitor,

SIS3.

a. Blood serum biochemistry in Wdr35 =/= cyst baring mice treated with the SMAD3-inhibitor, SIS3 (N=7) or vehicle (N=4)

for 3 weeks.
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Supplementary Figure 11: Cystic BECs express a novel profile of integrin molecules.

a. Heatmap comparing the mRNA expression of all Itga and Izgb genes that are expressed in single cell RNAseq analysis in
BECs from Wdr35t/* and Wdr35~/~ mice. b. Immunofluorescent staining of Wdr351/% and Wdr35~/ livers for ITGB1
(magenta) and COLIV (cyan). DNA is in grey. Scale bar=100 um.
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Supplementary Figure 12: The formation of a pro-cystic state driven by a231-integrin is com-
mon across tissues and species.

a. Immunofluorescent staining of human liver cysts with unknown, SEC63 and PRKCSH mutations for DNA (grey), ITGA2
(magenta) and E-cadherin (yellow), upper panels and pMLC2 (magenta) and E-cadherin (yellow), lower panels. b-c¢ Im-
munofluorescent staining of liver (b) and kidney (c) from wild-type rats and rats harbouring a mutation in Pkdhl for ITGA2
(magenta) and ITGBI1 (yellow). DNA is in grey. Dotted blue line demarcates the bile duct. Scale bar = 100 pm.
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Supplementary Figure 13: Blood biochemistry from mice treated with the SMAD3 inhibitor,
SIS3.

a.FUnGI cleared wholemount confocal imaging of Confetti fluorophores (cYFP, yellow and cRFP, magenta) in Wdr351/+ or
Wdr35—/~ BECs, 6 months following tamoxifen administration. Blue arrows denote isolated EpCAM positive cells positive
for a Confetti fluorophore sporadically along the duct. Orange arrows denote clusters of positive cells forming cysts. b. Pro-
liferation rates in normal rat BECs (left hand bars) versus PkhdI-mutant BECs (right-hand bars) (N=9 experimental replicates
per group). ¢. Area of cystic rat Pkdhl-mutant organoids that form following vehicle versus TC-I 15 treatment (N=3 biological
replicates). d. Serum biochemistry from cyst bearing Wdr35~/~ mice treated with vehicle alone (N=4 mice) or the integrin
«21-inhibitor, TC-I 15 (N=5 mice).
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Online Materials and Methods
Human Tissue:

Human normal liver tissue and liver from patients with liver
cysts were obtained from the NRS BioResource and Dr Tim
Kendall, NHS consultant pathologist, confirmed pathology.
JPH Drenth, Department of Gastroenterology and Hepatol-
ogy, Institute kindly provided samples from patients with
PCLD with known genetics for Molecular Life Sciences,
Radboud University Medical Center. All tissues were col-
lected under informed consent or were archival diagnostic
specimens. Details of human tissue is summarised in Sup-
plementary table 1.

Animal models:

Transgenic deletion of Wdr35: Mice carrying floxed al-
leles of exon 2 of Wdr35 Wdr35ftoz/flox(1) were crossed
with animals expressing Keratinl9-CreERT (2). Animals
were bred such that all mice contained CreERT, experi-
mental animals were homozygous for the Wdr35flox/flox
allele and controls were wild type (Wdr35t/*). Krtl9-
CreER™ ;Wdr35%/+ or Krt19-CreER™ ;Wdr357toz/ flow ap.
imals were treated with tamoxifen (three times 4 mg doses
at five weeks old) either by IP injection or oral gavage
to activate CRE. Following tamoxifen treatment, transgenic
animals that have lost Wdr35 are denoted as Wdr35~/~.
Animals were housed in same sex groups in 12 h light-
dark cycles, with access to food and water ad libitum.
Both males and females were used in this study. For ex-
periments containing the R26-SL—Confetti/+ reporter(3),

Krt19-CreERT :Wdr357F loz/floz were crossed to gener-
ate K19CreER™ ;Wdr35flov/ floz RogLSL—Confetti/+ mice
and were treated with tamoxifen as detailed above. For in-
hibitor studies, cyst bearing animals were treated for 3 weeks
with 20 mg/kg of TC-1 15 (a selective integrin o251 in-
hibitor), 10 mg/kg of SIS3 (an inhibitor of SMAD?3) or ve-
hicle alone. Animals were maintained in SPF environment
and studies carried out in accordance with the guidance is-
sued by the Medical Research Council in “Responsibility in
the Use of Animals in Medical Research” (July 1993) and
licensed by the Home Office under the Animals (Scientific
Procedures) Act 1986. Experiments were performed under
project license number PFD31D3D4 in facilities at the Uni-
versity of Edinburgh (PEL 60/6025).

Blood biochemistry: At necropsy, blood was collected from
the inferior vena cava and spun at 12000 g to pellet the
cellular fraction. Serum was collected and provided to the
SURF facility, Queens Medical Research Institute, Edin-
burgh where they performed ELISA for aspartate transam-
inase, alanine Aminotransferase, glutamate dehydrogenase,
albumin, bilirubin and urea.

Fluorescent activated cell sorting and 10X single cell
sequencing: 12 month Krt19-CreERT ;Wdr357tor/floz oy
Krt19-CreERT ;Wdr357/+ mice were perfused with saline
and livers were digested with collagenase and dispase to en-
rich for the biliary tree. Enriched bile ducts were dissoci-
ated into single cells using trypsin and stained for EpCAM-
APC, CD31-PECy7, CD45-PECy7 (Supplementary table
2). Live cells (which are negative for DAPI) were identified
and CD31-PECy7-/CD45-PECy7-/EpCAM+ cells were iso-
lated and 10,000 cells were used as input for Chromium Next
GEM Single Cell 3’ analysis by the FACS and Single Cell
Core at the MRC Human Genetics Unit Edinburgh. Gener-
ated libraries were quantified and sequenced on an Illumina
P1000 flow cell by the Clinical Research Facility, University

Waddell, Yao etal. | bioRxiv | April7,2022 | 1-4


https://doi.org/10.1101/2022.04.08.487546
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.08.487546; this version posted April 8, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

of Edinburgh. All RNA sequencing data pertaining to this
manuscript is deposited on the NCBI Gene Expression Om-
nibus (GEO) as accession number GSExxxxxx. Bulk RNA
data from TGFg-treated H69 cells was downloaded from
GSE145127.

Analysis of single cell RNAseq data: Raw sequencing data
was analyzed using Cell Ranger’s pipelines (version 5.0.0)
provided by 10x Genomics. Specifically, ‘cellranger mk-
fastq’ was initially used to generate FASTQ files from raw
base call files. Then, ‘cellranger count’ was applied to align
FASTAQ files to the pre-build mouse reference mouse genome
(GRCh38) provided by Cell Ranger and generate single cell
feature counts.

Seurat (v4.0.6, https://satijalab.org/seurat/) was used to fil-
ter out cells: (1) with unique feature counts over 7,000 or
less than 600, (2) with counts greater than 50,000, (3) with
more than 5% mitochondrial counts, (4) without expression
of BEC marker Epcam and SppI. DoubletFinder (v2.0) was
used to predict and remove technical artifacts or ‘doublets’
for each sample. Specifically, estimated doublet rates were
calculated according to the 10x Chromium User Guide. Ho-
motypic doublet rates were also taken into account using the
modelHomotypic function with default parameters. We sub-
sequently removed genes that are present in less than 3 cells
in each sample.

After the preprocessing and quality filtering steps, the dataset
was then processed using the standard Seurat workflow: 1.
log normalize data using the NormalizeData function, with a
default size factor 10,000, 2. scale data using the ScaleData
function, 3. identify variable features using Find VariableFea-
tures with “vst” parameters and then imputed into PCA using
RunPCA function. RunUMAP function was used for UMAP
embedding visualisation with the first 10 PCs (principal com-
ponents).

Ward-linkage hierarchical clustering was performed with
squared Euclidean distance on the first 10 PCs to obtain clus-
ters (arXiv:2012.02936v2 [stat. ME]). Before proceeding to
downstream analyses, such as differential gene expression
analysis, it is important to avoid the problem of selective in-
ference. Selective inference is described as the assessment
of significance as well as effect sizes from the same dataset
which has been carried out via statistical tests to find potential
associations. Selective inference has recently been demon-
strated to have an important role in accurately estimating
significance in biomedical science —omic data(4). Specifi-
cally, in the scRNA-seq clustering analysis, one first clus-
ters the data, then measures if they are significantly different
and identifies differentially expressed genes between clus-
ters. This leads to inflated Type I error rate (artificially de-
flated p-values). We therefore applied selective inference cor-
rection implemented by clusterpval R (arXiv:2012.02936v2
[stat. ME]) package to determine an appropriate number of
clusters and confirmed that the identified clusters are pair-
wise significantly different. We also assessed the stability of
estimated clusters under different PC projections. We then
used FindMarkers function from Seurat to identify differen-
tially expressed genes (DEGs) whose log-fold changes are
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greater than 0.25, BH-adjusted p-values less than 0.05 by
the Wilcox test and are expressed by at least 25% of cells.
The clusterProfiler package was used to perform Gene Set
Enrichment Analysis for DEGs. The enrichKEGG and en-
richGO function were used to identify significant GO (Gene
Ontology) terms and KEGG (Kyoto Encyclopedia of Genes
and Genomes), respectively, with threshold p value < 0.05
and q value < 0.05. The background gene set of this analysis
was selected from publication literature(5), which includes
a list of genes that could be expressed in the EpCam sorted
cholangiocytes from mouse. R package ggplot2 was used to
visualise the results.

We performed cellular trajectory analysis by RNA velocity.
We first used velocity(6) to generate the loom files from pre-
aligned bam files. The loom files contain two count matrices
of unspliced and spliced RNA abundances.

The proportions of spliced and unspliced counts are 80% and
20% respectively, which is in the appropriate range of veloc-
ity inference(7). We then calculated the RNA velocity from
scVelo(7) using deterministic (steady-state), stochastic and
dynamical mode. They produced consistent results.
Receptor-ligand analysis was performed using R package
SingleCellSingalR(8). Gene expression data and hierarchical
clustering were used as input to compute receptor-ligand in-
teractions scores between clusters using the ‘cell_signaling’
function. We filtered out receptor-ligand interactions whose
LRscores were lower than 0.5. Receptor-ligand interactions
were visualized by the ‘visualize_interactions’ function.
Isolation of RNA and DNA: RNA was extracted from FACS
isolated cells and extracted by TRIzol RNA Isolation Reagent
(Invitrogen) lysis. RNA was precipitated with chloroform
and cleaned up using the RNeasy Mini Kit (QIAGEN) as per
the manufacturer’s instructions. For downstream sequencing
applications RNA quality (RIN score) was quantified using
the Agilent 2100 Bioanalyzer with an RNA 6000 chip. A
minimum RIN threshold of 8 was used for RNA-seq.

RNA sequencing data processing and analysis: The pri-
mary RNA-Seq processing, quality control to transcript-
level quantitation, was carried out using nf-core/rnaseq
vl.4.3dev (https://github.com/ameynert/rnaseq)(9). Reads
were mapped to the mouse FVB_NIJ1 decoy-aware transcrip-
tome using the salmon aligner (1.1.0). RNA-Seq analysis
was performed in R (4.0.2), Reads were summarized to gene-
level and differential expression analysis was performed us-
ing the bioconductor packages tximport (1.16.1) and DESeq2
(1.28.1). A pre-filtering was applied to keep only genes that
have at least 10 reads in a group and 15 reads in total. The
Wald test was used for hypothesis testing for pairwise group
analysis. A shrunken log2 fold changes (LFC) was also com-
puted for each comparison using the adaptive shrinkage esti-
mator from the "ashr’ package.

Duct isolation and culture: Livers were minced finely us-
ing razor blades and digested with 0.125 mg/ml collage-
nase type IV (Gibco) and 0.125 mg/ml dispase II (Gibco)
at 37 °C. Once bile ducts were visible they were used for
FACS, immunostaining or organoid cultures. For cultures,
Isolated bile ducts were suspended in Matrigel (Corning) and
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cultured in media containing Advanced DMEM/F-12 me-
dia (Gibco) containing 1xGlutaMAX (Gibco), 1xAntibiotic-
Antimycotic (Gibco), 10 uM HEPES (Sigma), 50 ng/ml
EGF (RD Systems), 100 ng/ml FGF10 (Novus Biologicals),
5 ng/ml HGF (Novus Biologicals), 10 nM gastrin (Sigma),
10 uM nicotinamide (Acros Organics), 1.25 mM N-acetyl-
Lcysteine (Sigma), 1x B27 (Life Technologies), 1x N2 Sup-
plement (Life Technologies), 1 pg/ml R-Spondin-1 (RD Sys-
tems), 0.2 pug/ml WNTSA (RD Systems) and 10 nM forskolin
(Tocris). Cysts were allowed to culture for 72 hours at 37 °C
in a humidified incubator with 5% CO2 before fixing for im-
munofluorescent staining or lysis for proteomic studies. In-
hibition studies had media supplemented with 100 uM TC-I
15 (a2 51-integrin selective inhibitor), 10 mM SIS3 (SMAD3
selective inhibitor) or DMSO (vehicle control) at equivalent
volumes. Media containing inhibitors/vehicle was replaced
after 48 hours. Cyst size was determined by brightfield mi-
croscopy and measurements made on Fiji (Imagel).

Cell culture: Human (normal human cholangiocytes [NHC],
ADPLD and ADPKD) and rat (normal rat cholangio-
cytes [NRC] and PCK) cholangiocyte cells were seeded
on collagen-coated flasks and cultured in supplemented(10)
DMEM/F-12 medium as previously described11. Cell prolif-
eration rates were determined by flow-cytometry using Cell-
Trace™ CFSE Cell Proliferation Kit (Invitrogen), following
the manufacturer’s instructions. Rat 3D cultures were de-
rived from micro-dissected cysts of PCK rats as previously
described(11). Isolated tissues were sandwiched between 1.5
mg/ml type I rat tail collagen (BD Biosciences) and cultured
in supplemented DMEM/F-12 medium.

Immunohistochemistry and quantification: Dissected
tissues were fixed overnight in formalin at 4 °C, embedded
in paraffin and were sectioned at 4 ym. Following antigen
retrieval (see Supplementary table 2), tissue sections were
incubated with antibodies as detailed in Supplementary
table 2. Fluorescently stained tissues were counterstained
with DAPI prior to imaging. Colorimetric stains were
counterstained with Haematoxylin and mounted with DPX.
K19CreERT,‘Wd}"35flow/flom,'R26LSL_Conf6tti/+ and
KI19CreERT ;Wdr35+/+;R261SL—Confetti/+ samples
were sectioned at 200 pum using a Krumdieck Tissue Slicer
and fixed for 45 min in formalin and then cleared using
FUnGI clearing as previously described(12, 13). Histo-
logical tissues were scanned using a Nanozoomer, using a
Nikon AIR or Leica Stellaris confocal microscope and were
analysed using either FUJI, Imaris or QuPath.

Statistical analysis: All experimental groups were analysed
for normality using a D’Agostino—Pearson Omnibus test.
Groups that were normally distributed were compared with
either a two-tailed Student’s t test (for analysis of two groups)
or using one-way ANOVA to compare multiple groups, with
a post hoc correction for multiple testing. Non-parametric
data were analysed using a Wilcoxon—-Mann—Whitney U
test when comparing two groups or a Kruskall-Wallis test
when comparing multiple non-parametric data. Throughout,
P<0.05 was considered significant. Data are represented as
mean with S.E.M. for parametric data or median with S.D.
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for non-parametric data.
Figures: All figures were assembled with Adobe Illustrator
and graphics were created with BioRender.com.
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