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Abstract

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most common single-gene
disorder leading to kidney failure. Aimost 80% of cases of ADPKD are attributed to germline
variants in PKD1, a significant proportion of which is classified as “variant of unknown
significance” (VUS). Therefore, a proper experimental model to study the functional impact
of different genetic lesions is needed to confirm their pathogenicity.

The aim of my work was to obtain the proof-of-principle of the validity of a cellular model to
rapidly generate and functionally test specific PDK1 variants. To do so, HEK293T cells were
transfected with a sgRNA targeting exon 15 of PKD1 to generate homozygous (Ex157) or
heterozygous mutants (Ex15*"). The progression of ADPKD is in line with a “double hit”
model, which means that inactivation of both copies of PKD1 by germline and somatic
variants is necessary for cyst development. For this reason, PKD1 WT and heterozygous
clones were then used to introduce a specific additional variant, c.11614G>A p.(E3872K),
using a cytosine base editor (CBE).

Once confirmed that the expression of Polycystin-1 (PC-1) was consistent with the genetics
of the generated cellular lines, we performed RNA sequencing showing that Ex157 and
Ex15*/Ex42MM clones presented an overall similar transcriptional profile, implying that the
missense variant — combined with a more deleterious one — drives the pathological
phenotype. GO terms analyses highlighted a dysregulation of ADPKD-related processes,
such as cell-adhesion, cell-cycle, cytoskeleton organization and autophagy. Based on RNA
sequencing results and previously published literature, functional assays focused on cell-
cycle, focal-adhesion formation, apoptosis and autophagic flux were subsequently
performed to validate the model and to confirm the pathogenicity of the exon 42 variant, in
combination with the exon 15 nonsense variant.

In conclusion, the results presented in this thesis confirmed the feasibility of the model,
which will be used to reproduce additional variants of unknown significance identified in

PKD1 gene in our cohort of patients.



Introduction

Autosomal Dominant Polycystic Kidney Disease

ADPKD is a multisystemic disorder characterized by the growth of numerous kidney cysts
and increase in kidney volume, eventually leading to End Stage Renal Disease (ESRD) in
most patients'. Estimating the prevalence of ADPKD has been challenging due to variable
age-dependent penetrance and incomplete clinical ascertainment in the general population
- alongside with the high genetic heterogeneity - but a recent study based on genomic
sequencing of large populations yielded a minimal estimate of 1 per 1,000 livebirths?.
Genetic studies from patients and animal models have provided hints in disease
pathobiology and strongly support a “threshold model” in which cyst formation is triggered
by reduced functional polycystin dosage below a critical threshold within individual tubular
epithelial cells. Germline and somatic variants in PKD1 (OMIM #601313) and/or in PKD2
(OMIM #173910) are the foremost cause of ADPKD, with PKD1 being the most frequently
mutated gene. Variants have been less frequently identified also in genes as SEC63 (OMIM
#608648), SEC61B (OMIM #609214), GANAB (OMIM #104160), PRKCSH (OMIM
#177060), DNAJB11 (OMIM #611341), ALG8 (OMIM #608103), and ALG9 (OMIM
#606941). The disease is characterized by the progressive development of renal cysts that
induce proliferation of tubular epithelium causing anomalies in ciliary complexes that
eventually end up in excessive fluids secretion. The uncontrolled outgrowth of the cysts
leads to a chronic inflammatory process and to fibrosis until the establishment of kidney
failure that in about 50% of the patients develops into ESRD by the age of 60. This
pathological process culminates with both renal and extra-renal symptoms with frequent
detrimental systemic outcomes. Hypertension, gross hematuria, cyst rupture and infection,
kidney stones, and flank pain are common kidney complications®. Among the extra-renal
manifestations, liver and pancreatic cysts, vascular aneurysms, cardiac valve abnormalities,
hernias, and diverticulosis are the most frequent®* The prevalence of liver cysts (rare in
pediatric patients) increases with age and occasionally are converted into a serious

polycystic liver disease (PLD).

ADPKD diagnosis is generally based on the clinical evaluation of the patient and imaging
data. Nonetheless, the high heterogeneity of clinical manifestations observed among
different individuals makes ADPKD more challenging to diagnose in certain cases. For these
reasons, genetic testing became fundamental for those situations where renal ultrasound is

not exhaustive (such as atypical PKD), in absence of family history, for patients’ relatives

2



and in prenatal diagnosis. Recently, certain genetic parameters which can help predict the
decline of renal function over time and thus the progression of the disease have been
determined. For instance, the type of gene involved and the effect of the allelic variant may
provide prognostic indications: as an example, protein truncating variants in PKD1 gene are
associated with more rapidly progressive disease and - in some cases - with a very early
onset of ADPKD®>67,

ADPKD genetics

In 80-85% of cases, ADPKD is caused by pathogenic variants in PKD1 gene, while the
remaining 10-15% of patients showed alterations in PKD2 gene. A small percentage of
cases between 0.1-0.3% is attributed to pathogenic variants in GANAB® and DNAJB11°,
respectively. However, in a small percentage of patients no genetic cause has been
identified. 97% of the diagnosed patients carry single-nucleotide (SNV) or small indels
detected by sequencing analysis while about 2-3% of cases are due to the presence of copy
number variants (CNVs) detected by multiplex ligation probe amplification (MLPA)™.
Variants in the GANAB gene cause a "milder" phenotype, generally without renal failure but
frequently associated to liver cysts. In fact, some individuals are clinically defined as
phenocopy of patients with autosomal dominant PLD, characterized by severe polycystic
liver disease and few renal cysts''. In patients with variants in the DNAJB11 gene, small
bilateral renal cysts are present, generally not related to the increase in kidneys volume,
which instead become fibrotic later in life associated with onset of Chronic Renal
Insufficiency (CRI) and ESRD between 59 - 89 years (documented in few individuals). The
presence of CRI associated with absence of kidneys enlargement is a clinical feature shared
with autosomal dominant tubulointerstitial kidney disease (ADTKD) which must be
differentiated from ADPKD®°.

Among the listed genes, PKD1 and PKDZ2 are characterized by a high degree of allelic
heterogeneity estimating a total number of 2,322 different variants in PKD1 and 278 variants
in PKDZ2 annotated in the most comprehensive mutational database (relative to ADPKD) in
Mayo Clinic'?. In addition, most of the variants are unique to a single pedigree. Referring to
the PKD1 gene variants annotated in the Mayo Clinic database, 1,225 variants (52.7%) are
classified as pathogenic and likely pathogenic: 21.5% nonsense, 22.6% missense, 46.3%
large deletions/indels in frames and frameshifts, and 9.6% splicing variants. For PKD2, a
large proportion of genetic alterations is represented by indel frameshifts (44.9%) followed

by nonsense variants (20.7%) while missense and splicing variants account for one third
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(33.7%). When considering the family history, it must be noted that almost 10-15% of
patients are negative because ADPKD is caused by de novo variants, mosaicism or because

no medical history concerning patient’s relatives is available.

PKD1 and PKD2 genes and the polycystin complex

PKD1, located on chromosome 16p13.3 consists of 46 exons spanning 52 kb of genomic
DNA characterized by regions enriched in GC (62.4%)"3. It encodes for polycystin-1, a large
membrane protein of 4302 amino acids. The 3' end of the gene partially overlaps with the 3'
end of the TSC2 gene (OMIM #191092) in a "tail-to-tail" orientation. Contiguous deletions
removing the tails of both PKD1 and TSC2 genes cause a more severe form of PKD which
is generally infantile'*15. The complexity of PKD1 relies on the fact that the region between
the 5' of the gene and exon 33 turns out to be duplicated in six pseudogenes that map
proximally on chromosome 16. These six pseudogenes share 98% sequence homology in

the exonic regions’®.

PKD2, located on chromosome 4q21-23, consists of 15 exons encoding for polycystin 2

(PC-2), a 968 amino acids protein.



N-term LRR Cell wall integrity/stress

response component

C-type lectin
&
7/
‘p PKD domain
L,J repeats PC
Ci- homologous
Egg jelly motif A/B
Y receptor
%\(} / GPCR Pore / /
GPCR domam

proteolysis site—_"

Figure I. The PC-complex. Structure of Autosomal Dominant Polycystic Kidney Disease’s
proteins, PC-1 and PC-2, structurally and functionally coupled in the so-called PC complex'”.
Image created with Biorender.

PC-1 is composed of a long extracellular N-terminal portion, 11 transmembrane domains,
and a short intracellular C-terminal portion (Figure 1). The extracellular portion comprises
different domains, including i) two cysteine-flanked leucine-rich repeats (LRR) domains,
capable of binding collagen, fibronectin, and laminin of the extracellular matrix; ii) a cell-wall
integrity and stress-response component (WSC) homology domain suggesting that the
protein is able to bind carbohydrates; iii) the first of 16 IgG-like repeats (also known as PKD
repeats), which bind receptor protein tyrosine phosphatases; iv) a C-type lectin domain that
binds carbohydrate in a calcium-dependent manner; v) 15 additional PKD repeats with
surface B-pleated folds and the ability to bind protein ligand; vi) a receptor for egg jelly (REJ)
homology domain and vii) a latrophilin (CL-1-like GPS) domain which could be a protein-
cleavage site. The 200-amino-acid intracellular C-terminal tail contains several protein-
interaction and phosphorylation-signaling sites, as well as specific tyrosine sites that can be
phosphorylated by c-src and focal adhesion kinase (FAK) and serine phosphorylation sites,

targets of protein kinase A (PKA)'8,



PC-2 is composed of six transmembrane domains with a pore homology region in the
extracellular loop between transmembrane domains (TM) 5 and 6 and the intracellular N-
and C-terminal domains. The C-terminal contains a coiled-coil domain, called CT1 and
CT2'8 CT1 recognizes and binds PC-1 C-terminal domain, whilst CT2 is responsible for the

oligomerization between multiple PC-2 proteins to form oligomeric complexes.

Several studies suggest that PC-1 and PC-2 form a heterocomplex with a 1:3 stoichiometry.
Indeed, the cryo-EM structure of a PC-1/PC-2 heteromer reveals that the 11 transmembrane
helices of PC-1 are further divided into two major domains: a peripheral TM1-TM5 complex
and a core TM6-TM11 complex that interlinks with three PC-2 subunits to form a TRP-like

ion channel’®,

Kotdaji Ha al.?® demonstrated that PC-1/PC-2 heteromeric complexes exhibit distinct
biophysical properties and that PC-1 members are critical for adjusting the electrical
excitability of primary cilia in response to the local environment. By expressing membrane-
targeted PC-1 with PC-2 in mammalian cells, they showed that the PC-1 N-terminus is
essential for the activation of complexes containing PC-2 subunits. Specifically, the PC-1 C-
type lectin domain within the N-terminus, which is a crucial hotspot for ADPKD-causing
variants?', seems to play a key role in channel activation and is believed to interact with the
tetragonal opening for polycystins (TOP) domain of PC-2. Both PC-1 and PC-2 have a large
extracellular TOP domain, which contain prominent glycosylation sites. The C-type lectin
domain in the native PC-1/PC-2 complex likely interacts with glycans in the TOP domain,
which allosterically regulates the ion permeation pathway and/or gating apparatus of the

heteromeric polycystin channel®?.

Genotype-phenotype correlation and complex inheritance models

ADPKD is classically inherited as an autosomal dominant disease, but recent advances in
the field of molecular genetics underlined that the pattern of inheritance is far more complex.
For instance, the existence of hypomorphic or not fully penetrant alleles, the presence of
variants in other genes responsible for cystic kidney disease or unidentified modifier genes,
as well as the influence of environmental factors (i.e., acute kidney injury may influence cyst
formation and disease progression?3) all contribute to make the pattern of inheritance more
complicated. According to the gene dosage model, the probability of cyst occurrence
increases when the level of functioning PC-1 protein falls below a critical threshold;
consequently, the type of variants affects the probability of cyst formation and the disease

progression'” (Figure Il).
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Figure Il. The dosage model of cystogenesis in autosomal dominant polycystic kidney
disease. The level of functional polycystin 1 directly influences the renal phenotype in
patients with autosomal dominant polycystic kidney disease (ADPKD).
Image created with Biorender.

Subjects with truncating variants in the PKD1 gene generally have larger total kidney volume
(TKV) compared with subjects with non-truncating variants who end up in this stage by the
age of 70 years old (Figure lll). However, Hwang et al.?* showed that the renal disease
severity in the latter class of mutations is heterogeneous: PKD1 non truncating variants are
classified in two distinct categories, the non-conservative variants in well conserved sites
and the conservative variants in not conserved sites. The first ones present a similar
outcome as PKD1 truncating variants in terms of estimated Glomerular Filtration Rate
(eGFR) and TKV’. On the contrary, the non-conservative variants are classified as
hypomorphic, meaning that they are not fully penetrant®> and need a second variant on
PKD1/PKD2 to be phenotypically effective. Given the high heterogeneity, determining the
pathogenicity of non-truncating variants is not always easy?%?’, and predicting their clinical
effects could be challenging. In silico bioinformatic prediction and family—based segregation
studies can provide additional support to determine the pathogenicity of a putative non
truncating variant. Moreover, the presence of other affected family members with sufficient
renal function or ESRD after 65 years of age can be taken as evidence that the non-
truncating mutation of interest likely functions as a hypomorphic allele. Conversely, the

presence of other affected family members with ESRD before 50 years of age suggests that
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the non-truncating variant is likely completely inactivating. In the absence of an informative
family history, TKV may be used as an alternative indicator for renal disease severity?.
Similar to variants in PKD1, truncating variants in PKD2 have been found to be associated
with more severe disease with lower eGFR values than non-truncating variants?® but there
is no strong evidence to date confirming this correlation. Patients with biallelic variants in
PKD1 or PKDZ2 have also been described. Hypomorphic variants in homozygosity may not
develop the disease until adulthood or may show early disease onset fallaciously guiding
the diagnosis toward autosomal recessive polycystic kidney disease kidney disease
(ARPKD) in the absence of familiarity3® as occurs when there is co-presence in trans of an
hypomorphic allele with a typical penetrant allele?'. Finally, only rare cases of ADPKD with
neonatal onset have been associated with homozygosity of a hypomorphic PKD2 allele
arising from uniparental disomy32. Lastly, individuals carrying pathogenic variants in both
PKD1 and PKDZ2, thus double heterozygotes, have been described in literature (digenic
ADPKD and trans-heterozygosity) as patients with a more severe renal disease than that
reported in heterozygous relatives333435, |t is worthy to note that unraveling the complex
genetic landscape of ADPKD is essential both for diagnosis and for treatment decision.
Indeed, there are several studies associating a differential outcome in patients treated with
tolvaptan based on their genetics. Tolvaptan is a vasopressin type 2 receptor antagonist
whose function is to alleviate renal cyst growth and preventing eGFR dropping over time.
Sekine et al.3® showed that in their cohort of 18 patients diagnosed with ADPKD, the efficacy
of tolvaptan seems to differ between patients with PKD1/PKDZ2 truncating and non-
truncating variants, compared to the ones that do not show any alterations in PKD1/PKD2.
These findings suggest that physicians should consider PKD1/2 variants when

administering tolvaptan as their positive or negative outcome depends on them.
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Figure Ill. Effects of mutation class on htTKV. (A) Corrected for age, patients with PKD1
protein truncating (PT) mutations generally have larger height adjusted (ht) TKV compared
with those from other mutation classes. (B) Assuming exponential growth, the rate of htTKV
expansion seems similar between patients with PKD1 PT, PKD1 in-frame (IF) indel, and
PKD2 mutations; however, the absolute htTKV (y intercept) differs between the three
mutation classes. By contrast, the rate of htTKV expansion associated with non-truncating
(NT) PKD1 mutations seem to be significantly slower than the rates of the other three
mutation classes. Image taken from?*.

Mechanisms of cystogenesis

Renal cysts are focal outgrowths of the fluid-filled renal epithelium that form mainly at the
level of the distal renal tubules and gradually grow due to abnormal cell proliferation, fluid
secretion and extracellular matrix production'’.

Formation of cysts occurs prenatally in about 1-3% of nephrons, but they are detected
mainly in adults. The most widely accepted theory for cyst formation in human PKD is the
“two-hit hypothesis”. Patients with ADPKD are typically heterozygous, with one allele having
a germline variant (first hit), whereas the other is normal. In humans, the two-hit hypothesis
predicts that the remaining normal PKD1 allele develops a somatic variant (second hit) in
an extremely small percentage of cells. Whole genome sequencing performed on 90 unique
kidney cysts obtained during nephrectomy from 24 unrelated participants revealed that
pathogenic somatic "second hit" alterations disrupting PKD1 or PKD2 were identified in 93%
of the cysts. Of these, 77% of cysts acquired short mutations in PKD1 or PKD2; specifically,
60% resulted in protein truncations (nonsense, frameshift, or splice site) and 17% caused

non-truncating mutations (missense, in-frame insertions, or deletions)®. In some of the
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cysts where no homozygous mutation of a PKD gene was found, compound heterozygous
variants were identified, suggesting that trans-heterozygosity could be a sufficient condition
to induce cyst formation38.

From a molecular point of view, variants impacting the expression of polycystin affect
different intracellular signaling pathways (Ca?*, cAMP, mTOR, WNT, VEGF) causing cellular
hyperproliferation and excessive fluid secretion, events that drive cystogenesis. Cyst
expansion causes the establishment of a positive feedback loop that continuously increases
tissue fibrosis'’. Indeed, expanding cysts induce mechanical stress in the surrounding tissue
and vessels resulting in activation of the repair processes of the cellular damage, causing
secretion of inflammatory cytokines and growth factors into the renal tubules and into the
surrounding interstitium. Transforming growth factor beta (TGF-B) secretion leads to de-
differentiation, recruitment of infiltrating cells to the cyst site and activation of a-Smooth
Muscle Actin (aSMA)-positive myofibroblasts with increased extracellular matrix deposition.
Pro-inflammatory stimuli and fibrosis accumulation lead to dissociation of pericytes with
subsequent rarefaction of the microvasculature and local hypoxia, which exacerbate the
fibrosis. Inflammatory cytokines, such as TNF-a, IL-18 and INF-y activate two major
inflammatory pathways in renal epithelial cells: NF-kB and JAK/STAT.

As aresult, pro-inflammatory molecules are produced and released, attracting and activating
even more infiltrating cells, which aggravate local injury and eventually contribute to cyst

progression.

Cell biology

Under physiological circumstances, polycystins are essential for the regulation of the
differentiated phenotype of the tubular epithelium. Reducing polycystins expression below
a critical threshold triggers a phenotypic transition characterized by the inability to maintain
planar polarity, remodeling of the extracellular matrix, high rates of proliferation and

apoptosis®®.

Cell-cell contact, cell-matrix interactions, and cytoskeletal rearrangement

Epithelial cells are comprised of two major types of cytoskeletal anchoring junctions: cell-
cell junctions localized at the lateral surfaces and cell-matrix junctions localized at the basal
surface. Cell-cell junctions include the adherens junctions and desmosomes which link the
actin and intermediate filaments, respectively, of adjacent cells. Cell-matrix junctions link
these filaments to the extracellular matrix (ECM) and include the actin-linked cell-matrix
junctions and focal adhesions
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Figure IV. The role of PC-complex in regulating cell-adhesion. Polycystin-1 complexes
are found at the cell-matrix interface and cell-cell contacts, where they interact with proteins
of the cell membrane, actin and tubulin cytoskeleton and transduce signals by means of
intracellular phosphorylation cascades to regulate gene transcription in the nucleus.
Image created with Biorender and adapted from'®.

Co-localization and co-immunoprecipitation studies showed that PC-1 forms multiprotein
complexes with a2B1-integrin, talin, vinculin, paxillin, p130cas, FAK, B-catenin and E-
cadherin in normal human fetal collecting tubules and sub-confluent epithelial cultures*°
(Figure 1V). In ADPKD epithelial cells, the assembly and stabilization of E-cadherin
containing adherens junctions is disrupted*'. This study suggests that PC-1 may function in
the assembly and stabilization of adherens junctions, and variants in PKD1 may lead to
impairment of kidney epithelial cell-cell adhesion. This hypothesis is consistent with the
observation that cell adhesion and proper tubule diameter is altered in cystic structures and
loss of cell adhesion can trigger cell proliferation, a major hallmark of PKD.

Streets et al.*? observed that abnormalities in the actin cytoskeleton were a common feature
of patient-derived cystic cell lines with variants in PKD1. Actin fibers appeared to be thicker,
shorter, and more disorganized compared with non-cystic controls. Another interesting
finding from the same group is related to cilium structure: indeed, the authors demonstrated

that under conditions promoting optimal cilia formation (48-hour serum starvation), the
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percentage of ciliated cells as well as cilia length were reduced in cystic cells carrying PKD1
variants*?.
Another key structure involved in cytoskeletal rearrangement that is altered in ADPKD are

the focal adhesions (FA; Figure V).

Integrin

Focal
Adhesion
Complex

Figure V. Polycystin-1 and Focal Adhesion Complex. In normal renal epithelia, PC-1
interacts in a multiprotein complex with integrins and focal adhesion proteins, including the
focal adhesion kinase (FAK). In epithelia from patients with ADPKD, although polycystin-1—
focal-adhesion complexes are formed, they lack FAK. TAL stands for talin, PAX paxillin,
VINC vinculin, CAS p130-cas, SRC c-src, TEN tensin, and NPH1 nephrocystin.
Image created with Biorender.

During renal development the PC complex interacts with FAs and adherens junction
proteins to properly guide ureteric bud migration and normal tubule epithelial
differentiation*3. Castelli et al.** demonstrated that PC-1, by regulating the activation status
of FAK, modulates the stability of the microtubules, as well as the actin cytoskeleton,
impacting the turnover rate of FAs in migrating cells. Moreover, overexpression of a PC-1
C-terminal fragment in collecting duct cells stimulated FAK and paxillin phosphorylation,
increasing the association between these two proteins and stimulating the formation of focal

adhesion complexes®.
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Overall, these studies suggest that PC-1 plays important roles in regulating cytoskeletal
dynamics, cellular mechano-sensation and adhesion, all critical biological features for tissue

integrity maintenance and prevention of cyst formation in ADPKD.

Apoptosis, proliferation and cell cycle

A precisely controlled balance between cellular proliferation and programmed cell death
(apoptosis) is essential for normal growth and differentiation of the kidney and maintenance
of normal renal structure after birth. Both these fundamental processes are disturbed in
polycystic kidneys. In both ADPKD and ARPKD, apoptosis is abnormally persistent*¢ and
can be the cause of the alteration of the renal parenchyma, allowing cystic tissue to
proliferate. The importance of apoptosis has been highlighted in knockout mice, in which the
dual inactivation of inhibitors of apoptosis (bcl-2 or activating protein 2 [AP-2B]) causes
disease manifestation*’“8. The same process can be appreciated in in vitro models such as
Madin-Darby Canine Kidney cells (MDCK) cells, where apoptosis is essential for cyst
cavitation when cells are grown in a 3D environment. Moreover, in the same system
cystogenesis is inhibited by overexpression of the anti-apoptotic gene bcl-24°. In line with
these data, expression of human PKD1 in MDCK cells slows their growth and protects them
from apoptosis®C.

In summary, most in vitro and in vivo studies in PKD cells support the notion that increased
levels of apoptosis are associated with formation and growth of cysts®'. On the contrary,
Carvalhosa et al.5> demonstrated that CD133* progenitor cells — representing the cyst-lining
cells - derived from ADPKD patients showed a marked resistance to apoptosis induced by
serum deprivation compared to normal CD133* cells. Moreover, treatment with rapamycin
was able to revert mTOR activation in PKD CD133" cells to normal levels and to significantly
decrease the proliferation rate, resistance to apoptosis and cystogenesis. These results are
in line with experimental data showing that treatment with rapamycin can reduce cyst
expansion®3.54.95,

An imbalance between cell proliferation and apoptosis seems to contribute to cyst growth
and renal tissue remodeling in ADPKD%¢57. Moreover, cultured epithelial cells from these
patients have an increased intrinsic capacity to proliferate and survive. Li et al®® demonstrated
that PC-2 regulates the cell cycle through direct interaction with 1d2, a member of the helix-
loop-helix (HLH) protein family that is known to regulate cell proliferation and differentiation.
Id2 expression suppresses the induction of a cyclin-dependent kinase inhibitor, p21, by either
PC-1 or PC-2. As a result, variants in either PKD1 or PKDZ2 contribute to the abnormal cellular

proliferation which is a major hallmark of ADPKD and a trigger for cyst formation. Restoration
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of the normal subcellular distribution of 1d2 therefore could represent a novel therapeutic

strategy for the treatment of ADPKD.

Autophagy

Autophagy is a cellular recycling system that allows the reuse of old and damaged cell parts.
Usually, the term autophagy refers to the macro-autophagy, which is a complex process for
the lysosomal-dependent degradation of waste cellular material. In response to endogenous
or exogenous stimuli, the autophagic activator complex forms a double membrane structure
that sequesters the cargo and elongates, producing spherical vesicles (autophagosomes).
These vesicles eventually fuse with lysosomes (autolysosomes), where the cytoplasmic
material undergoes degradation®. Two key kinases regulate the process: the adenosine
monophosphate-activated protein kinase (AMPK) and the mammalian target of rapamycin
(mTOR). AMPK' stimulates autophagy by phosphorylating ULK1, while the mTORCA1
complex inhibits autophagy by preventing its activation3.

Several studies highlighted the dysregulation of autophagy in PKD, demonstrating both
increased and decreased autophagy activity across various experimental models. Impaired
autophagy can contribute to the accumulation of damaged cellular components and cyst
formation, while augmented autophagy may be the cause of a worsening of cyst growth.
PC-1 and PC-2 play crucial roles in the autophagic process. PC-1 regulates calcium-
dependent calpain proteases and maintains lysosomal integrity®®, while PC-2 forms a
complex with Beclin-1%'. The interplay between autophagy and apoptosis has been
observed in murine PKD models, where suppressed autophagic flux correlates with
increased apoptosis, leading to tubular epithelium proliferation and subsequent cyst
formation®'. It has been shown that PC-2 is a critical mediator of autophagy induction®162
and that basal autophagy is enhanced in PC-1-deficient cells, meaning that PC-1 promotes
autophagic cell survival.

It is also noteworthy that there is a reciprocal interaction between autophagy and primary
cilia. It has been shown that signaling from the cilia induced autophagy, while inhibition of
autophagy increased cilia growth®3. In human kidney proximal tubular cells, mTOR activation
was enhanced in cilia-suppressed cells and MG132, an inhibitor of the proteasome, could
largely reverse autophagy suppression. These findings underline a reciprocal regulatory
relationship between cilia and autophagy®*.

The key molecule that links autophagy and cilium signaling is mTOR, which turned out to
regulate a critical signaling pathway in cystogenesis 5. In PKD cells with short cilia, mMTOR

is activated and autophagy is repressed. Several studies have demonstrated that mTOR
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inhibitors can slow down cyst growth, reduce kidney volume and improve its function in
rodent models of PKD®¢:67.68 Nevertheless, the findings from these studies are not
conclusive. It has been noted that the inhibition of autophagy could potentially be associated
with the formation and maintenance of cysts®®. In addition, increased autophagic activity
may have other deleterious consequences: for instance, excessive autophagy in fibroblasts
has been shown to release collagen and contribute to tissue fibrosis, a common
morphological feature observed in ADPKD’®. These differences can be explained by a
variety of factors, including variations depending on the models used, different autophagic
status or varying stages of PKD. Overall, available studies show that dysregulated
autophagy plays a significant role in PKD progression in a multifaceted, yet incompletely

understood, way as illustrated in Figure VI.
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Figure VI. The role of autophagy in ADPKD. In the case of defective autophagy, there is
increased apoptotic activity, leading to kidney cell proliferation and cyst formation in ADPKD,
eventually leading to chronic kidney disease (CKD). In case of excessive autophagy, there
is increased expression of TGF-B1, which induces epithelial-mesenchymal transition (EMT),
interstitial fibrosis, and CKD.

Image created with Biorender and adapted from”".
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Aim of the study

This project is part of the Excellence Project of the Department of Medical Sciences of the
University of Turin (grant No.#D15D18000410001), which aimed to exploit novel
technologies to improve knowledge on disease mechanisms. The aim was to set up
functional models that could help refine variants classification. Through a multidisciplinary
cooperative effort, involving nephrologists and geneticists working at the local University
hospital, we built an analytical pipeline to identify patients with CKD and a clinical suspicion
of a monogenic condition. Clinical exome sequencing (CES) followed by an in-silico analysis
of a panel of CKD-related genes was offered to these patients. After almost 6 years of
activity, we have studied >1,200 CES from kidney patients, 279 of whom with a clinical
phenotype of “cystic kidneys”. Within the cohort, 60 patients were <18 years old (21.5%) at
the time of diagnosis (Figure VIIA). Genetic analysis of an in-silico panel of cystogenes
detected at least one variant in a gene compatible with the clinical phenotype in 232 patients
(83.2%), while in the remaining 47 patients (15.1%) genetic analysis was negative or
inconsistent, meaning that CES identified no variants or variants in genes unrelated to
clinical phenotype, therefore excluded (Figure VIIB). 135 patients presented variants in
PKD1 (58.2%), 28 in PKD2 (12.1%), 8 in PKHD1 (3.4%) (Figure VIIC). Looking at these
data, a number of considerations can be drawn: i) PKD1 is the most recurrently mutated
gene, in line with the literature; ii) a significant proportion of the variants identified in PKD1
(31.9%) were classified as variants of unknown significance (VUS, also called C3) (Figure
VIID), meaning that their impact in determining the clinical phenotype remains to be defined,
iii) the most frequent type of variant is missense (42.2%) (Figure VIIE). This is a crucial point
since the lack of functional evidence makes the real impact of the variant difficult to evaluate,
highlighting the need of rapid and reliable assays for the functional validation of variants of
uncertain significance. Finally, when looking at variant distribution along the gene, it appears
that there are some exons which are more frequently mutated, including exons 15-18-23-
46, representing mutational hotspots. Specifically, CES identified 32 variants in exon 15
(which is also the largest exon) that codes for the majority of PKD extracellular domains and
10 variants in exon 23 that codes for another extracellular domain of PC-1, called REJ
domain, where a specific proteolytic site relevant for a correct biogenesis and trafficking of

the protein is located.

As mentioned in the introduction section, the impact of PKD1 variants on the phenotype is

incompletely understood. This is particularly true for patients with a negative family history,
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who may receive an initial diagnosis by chance, through ultrasound imaging often performed
for other reasons, and may obtain a genetic diagnosis, but do not really know what to expect

from the disease in terms of progression.

The aim of my thesis has been to generate relatively rapid and easy to use cellular models
where specific PKD1 variants may be reproduced and evaluated. By using CRISPR/Cas9
techniques, we generated homozygous and heterozygous HEK293T cell lines carrying
nonsense mutations in exon 15 of PKD1 (Ex157 and Ex15*"). These cell lines represent a
pre-requisite for our foremost goal, which is to create a library of cell lines expressing PKD1
missense variants of unknown significance and to determine their functional impact on the
clinical phenotype. This thesis provides a proof of principle of the feasibility of the project,
as we managed to introduce a C4 missense variant on exon 42 of PKD1 gene [c.11614G>A
p.(E3872K)] using Cytosine Base Editor in homozygosity both in PKD71 WT (Ex15**) and in
Ex15*- heterozygous cells. The latter cell line (Ex15*/Ex42MM) should recapitulate what is
observed in patients, where cysts usually carry mutations in both PKD1 alleles, often of
different nature (nonsense and missense) and in different location3”. We then sought to
validate the cellular model and most importantly to highlight potential differences that may
depend on the nature and on the location of the variant of interest (exon 15 and exon 42 in
our case). This thesis reports on the generation and functional characterization of these

models.
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Figure VII. Description of the PKD cohort. (A) Patients’ distribution based on their age.
(B) Patients’ distribution based on the positive or negative outcome of the NGS analysis.
Positive reports are those cases where at least one causative variant was identified. (C)
Variants’ distribution in different PKD related genes. (D) ACMG classification of variants
identified in PKD1 through NGS analysis. (E) Type of variants identified in PKD1 gene.
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Materials and Methods

Cell cultures

Human embryonic kidney (HEK293T) cells were maintained at 37°C in 5% CO2 in RPMI
(#11875093, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal calf
serum (FCS). Starving conditions required RPMI supplemented with 0.1% FCS.

Generation of inducible Cas9 cell line

HEK293T cells were infected with a viral vector containing pCW-Cas9 (#50661, Addgene,
Watertown, MA) vector and subsequently selected based on antibiotic resistance. Infection
efficacy was verified through Western Blot, using monoclonal antibody targeting Cas9
(#MA1-201, Thermo Fisher Scientific).

Generation of PKD1 knock-out cell line targeting exon 15 and exon 42

A single-guide RNA (sgRNA) was used to target exon 15 of the PKD1 gene designed by’?,
and cloned into the pLX-sgRNA-BfuAl-2k (#112915, Addgene). sgRNA containing vector
was transfected into HEK293T, after induction of Cas9 expression using doxycycline
(D9891, Sigma-Aldrich, St. Louis, MO), using Lipofectamine 3000 (#L3000001, Thermo
Scientific) Introduction of ¢.11614G>A p.(E3872K) was achieved through Cytosine Base
Editor (CBE) (pCMV_AncBE4max_P2A_ GFP #112100, Addgene). sgRNA was manually
designed and off- and on- target effects were evaluated trough IDT online tool
(https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE). After co-
transfection of sgRNA containing vector (pLKOS5.sgRNA.EFS.tRFP , #57823) and the CBE,
cells were sorted based on the expression of GFP and RFP through a SH800S cell sorter

(SONY) using 130-pm microfluidic sorting chip. sgRNA design and Cas9 plasmid used in
this experimental set-up are listed in Table 1. Sanger sequencing of exon 15 and 42 was
used to screen the multiple generated clones and to identify the homozygous ones.
Concerning the compound heterozygous cells (Ex15*-/Ex42MM)_in line with the goal of the
work and for our scientific purposes, we screen the clones to identify those cells carrying
the variants in trans in the two exons. To this aim, selecting the homozygous clones on exon

42 was the easiest way to achieve this objective.

RNA sequencing

RNA quality was assessed by Bioanalyzer high sensitivity RNA analysis (#5067-1535,
#5067-1513 and #5067-1514, Agilent, Santa Clara, CA). Libraries were prepared using the
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lllumina Stranded Total RNA Prep with Ribo-Zero Plus (#20040525, Illumina, San Diego,

CA) following manufacturer’s protocol.

DGE analysis, PCA and UpsetPlot

Differential gene expression (DGE) analysis was performed using the DESeq2 R package
(v1.42.0)1. Raw read counts were used as input to generate the log2 fold changes, p-values
and adjusted p-values applying default parameters. Shrinkage of effect size was performed
using the IfcShrink function (apeglm). Differences in gene expression were considered
significant for adjusted p-values < 0.01 and log2 fold change > 1 or < -1. Each clone was
compared with a control condition (Ex15** either in starving or basal condition). Analyses

were corrected to consider a possible batch effect.

Principal component analysis (PCA) was performed through the PCAtools R package
(v2.14.0) by plotting the first two components, which accounted for the 24% and the 16.9%
of the variance among all clones, respectively. Variance stabilizing transformation (vst) was
applied to raw counts (blind = False). Among 27,971 genes, only 14,644 were plotted, as
genes with raw counts of at least 10 in at least 6 samples were retained.

UpsetPlots were generated through the ComplexHeatmap package by the UpSet function,
to find common DEG among the different comparisons.

Gene ontology (GO) analysis
Gene ontology (GO) analysis was performed by using the enrichR R package (v3.2), by

considering differentially expressed genes with an adjusted p-values < 0.01 and log2 fold
change > 1 or < -1. For two comparisons (Ex15**/Ex42MM ys Ex15**, both at starving and
basal condition) a p-value <0.05 was instead applied. The MSigDB_Hallmark_2020 dataset
was used for the analyses. GO terms with a p-value < 0.05 were retained and plotted through

the ggplot2 R package (v3.4.4).

Heatmaps

Sub-heatmaps were generated through the ComplexHeatmap R package (v2.18.0) by
plotting Z-score-normalized TPMs. Genes with average TPM expression <1 were removed.
The average value between two replicates was plotted, and k-means clustering was instead
used as clustering method for rows. Sub-heatmaps were generated by plotting the genes
belonging to the pathways of apoptosis, adhesion (together with focal adhesion), cell cycle
and autophagy (together with mTOR pathway) from PathCards

(https://pathcards.genecards.org/).
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R version 4.2.2 Patched (2023-02-20 r83916 ucrt).

Genomic DNA extraction and LR-PCR

Genomic DNA was extracted by single clones using DNeasy Blood & Tissue Kit (#69504,
Qiagen, Hilden, Germany) and quantified using Nanodrop (Thermo Fisher Scientific).

Exon 15 and Exon 42 of PKD1 were amplified according to previously described protocol™
trough Long Range PCR using the Expand Long Range, dNTPack kit (#ELONGN-RO,
Roche, Basel, Switzerland) with primers listed in Table 2. After purification of PCR products
using QIAquick PCR Purification Kit (#28106, Qiagen), exon 15 was further amplified using
a specific pair of primers listed in Table 3. Eurofins (MWG Operon, Ebersberg, Germany)

service and analyzed manually.

RNA extraction and RT-PCR

RNA was extracted using RNeasy Plus Mini kit (#74136, Qiagen) and converted to cDNA
using the High-Capacity cDNA Reverse Transcription kit (#4368814, Thermo Fisher
Scientific). gqRT-PCR was performed using the CFX384 Real-Time System (Bio-Rad,
Hercules, CA). Primers for ID2 (Hs04187239 _m1), and GAPDH (Hs02786624_g1) were
from Thermo Fisher Scientific. For PKD1 transcript, qRT-PCR was performed using iTaq
Universal SYBR Green supermix (Biorad). The primers wused were 5'-
CAAGACACCCACATGGAAAC-3’ (forward in exon 34) and 5'-
TGGGGCTGTTCCCAGTTCA-3' (reverse in exon 35)2 and for B2M 5-
ATGAGTATGCCTGCCGTGTGA-3’' (Forward) and 5-GGCATCTTCAAACCTCCATG-3
(Reverse). Reactions were done in triplicate from the same cDNA (technical replicates). The
difference (ACT) between the target gene CT (cycle threshold) and GAPDH or B2M CT was
calculated, multiplied by 10° obtaining the copy number of the target genes, as described in

previous works’4.

Reagents and antibodies

For autophagic flux experiments, Chloroquine (#C6628, Sigma-Aldrich) was added to the

cell culture with a final concentration of 100 uM for 5 hours prior to cell lysis.
Primary antibodies used in this work are listed in Table 4.

For Western blot analysis, the following secondary antibodies were used: donkey anti-rabbit
IgG-horseradish peroxidase (HRP) - conjugated (#NA934V, GE Healthcare, Milan, ltaly),
goat anti-mouse IgG HRP-conjugated (#NA931V, Perkin Elmer, Milan, Italy).
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For Immunofluorescence analysis, Alexa Fluor 488 goat anti-rabbit IgG (#A11008) was used
as secondary antibody. Fort actin cytoskeleton and nuclei staining, Alexa Fluor 647
Phalloidin (#A22287) and 4',6-diamidino-2-phenylindole (DAPI, #D3571) (all reagents from

Thermo Fisher Scientific) were used, respectively.

Apoptosis and cell cycle analysis

Cells, either cultured in complete or starving medium for 68 hours, were collected and
viability assessed by Annexin V-APC Apoptosis Kit (#2620475, Thermo Fisher Scientific)
following manufacturer’s instructions. For cell cycle analyses, cells were cultured either in
complete or starving medium for 24h and 48h. Collected cells were then fixed with cold
ethanol (70%) for 1h. Pl-based staining was performed using FxCycle PI/RNase Staining
Solution (#F10797, Thermo Fisher Scientific). Samples were analyzed by flow cytometry
using FACS Celesta (BD Bioscience, Milan, Italy).

Western Blot

Cells were lysed (150 mM NaCl, 20 mM HEPES [pH 7.4], 50 mM NaF, 1 mM NaszVO4, 1 mM
EGTA, 50 uM phenylarsine oxide, 10 mM iodoacetamide, 1 mM PMSF, and 1% NP-40) and
nuclear debris was discarded by centrifugation (20°000g, 15 minutes). For cytoplasmic-
nuclear separation, cells were grown either in basal or in starving medium for 48h before
collection. Nuclear—cytoplasmic fractionation was conducted using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents kit (#78833, Thermo Fisher Scientific) according to the
manufacturer’s protocol. Proteins were resolved by SDS-PAGE gels and transferred to

nitrocellulose membranes (Bio-Rad).

For Polycystin-1 visualization, cells were lysed in RIPA buffer (150 mM NaCl, 0.5% DOC,
0.1% SDS. 50 mM Tris [pH 7.9] and 1% Triton X-100) and then proteins were resolved by
3-8% Tris-acetate gels (#EA0375PK2, Thermo Fisher Scientific) and transferred to PVDF
membranes (#88518, Thermo Fisher Scientific).

After incubation with primary and secondary antibodies, images were acquired using the
ChemiDoc Touch Imaging System. Densitometric analyses were performed with Image Lab
Software (both from Bio-Rad).

Immunofluorescence staining

Cells cultured on coverslips (either treated or not treated with Poly-L-lysine #P4832 or
fibronectin 10ug/ml #F0895 from Sigma-Aldrich) were rinsed briefly with PBS and then fixed

with PFA 4% for 10 minutes. Fixed cells were then permeabilized with 0.1% Triton X-100 in
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PBS or with saponin 0.1%. Nonspecific binding was blocked with 1% or 5% BSA in PBS for
30 minutes, after which primary antibodies were applied and incubated for 1 hour at room
temperature or overnight at 4°C. Subsequently, slides were washed with PBS, incubated
with secondary antibodies conjugated to fluorophores for 45 minutes, and washed again
with PBS. Finally, nuclei were stained with DAPI and then coverslips were observed under

an inverted confocal microscope (Leica sp5 or sp8).

Autophagic flux analysis

Cells were transduced using a Premo autophagy tandem sensor mCherry-GFP-LC3B kit
(#P36239, Thermo Fisher Scientific) to monitor autophagic flux. Autophagy was then
induced by serum deprivation for 24h. Choloroquine (90 uM) was added to the medium for
16 hours as a control of autophagosome formation. Cells were then fixed, permeabilized
and stained with DAPI. Confocal images were taken using Leica sp5. Analysis was
performed using ImageJ’s tool JaCOP considering threshold adjusted Manders coefficients

as colocalization parameter.

Statistical analyses
Results were analyzed using un-paired parametric t test. Statistical analysis was performed

using GraphPad Prism 8.0.2 (GraphPad Software, La Jolla, CA).
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Results

Establishment of the cellular model to reproduce PKD1 variants

To investigate the genotype-phenotype correlation of PKD1 variants identified in our cohort,
we developed a cellular model using HEK293T cell line genetically modified through
CRISPR/Cas9 technology. We transfected HEK293T cells with the pCW-Cas9 lentiviral
vector encoding an inducible Cas9-cell and a puromycin-resistance element. Western blot
analysis of selected cells was used to validate target expression (data not shown). After
Cas9 induction, cells were transfected with a sgRNA-expressing plasmid (pLX-sgRNA-
BfuAl-2k), targeting exon 15 of PKD172 to generate both heterozygous and homozygous
mutants, Ex15*- and Ex157-, which all carry truncating variants. Cells were also transfected
with empty vectors to generate WT clones, used as negative control (Ex15**). According to
literature reports, the progression of ADPKD is in line with a “double hit” model, which means
that inactivation of both PKD1 alleles by germline and somatic variants is necessary for the
cystic phenotype to manifest. For this reason, Ex15** (PKD1 WT) and Ex15*" clones were
then used to introduce a specific additional variant, c.11614G>A p.(E3872K) in exon 42,
using cytosine base editor (CBE). Cells were then sorted and plated at single-cell level.
Sanger sequencing of exon 42 was the selected technique to screen the multiple generated
clones and to identify only homozygous ones (schematic representation of the generation
of the clones is depicted in Figure 1A). All stop-codon variants introduced in exon 15 target
an important extracellular domain of PC-1 (PKD repeats), while the missense variant
induced an aminoacidic change (p.E3872K) in one of the transmembrane (TM) regions
towards the end of the protein (Figure 1B). The substitution of the glutamate into a lysine
should disrupt a hydrogen bond that links the oxygen of the carboxylic group of the glutamate
to the amine group of the backbone (dashed yellow line), resulting in a structural
destabilization of PC-1 (Figure 1C).

After Sanger sequencing confirmed the presence of the variants (Figure 2A), we evaluated
firstly PKD1 transcript levels - which did not show any statistical differences between clones
and WT cells (Figure 2B) — and PC-1 level through Western Blot. A full-length form of PC-1
(FL) was detected by western blot in Ex15** cells (Figure 2C), halved in heterozygous
clones (Ex15*"), while no FL-PC-1 was observed in full knock-out clones (Ex157). Of note,
truncating mutations in exon 15 led to the formation of a putative truncated form of the
protein (arrow), probably because the introduction of a truncating variant on exon 15 does

not necessarily imply RNA-mediated decay of PKD1 transcript, which was still produced and
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coded (potentially) for a shorter and non-functional protein. On the contrary, the introduction
of the missense variant ¢.11614G>A did not apparently affect the protein level in either
Ex15**/Ex42MM and Ex15*-/Ex42MM as we were able to detect FL-PC-1 in these clones

too.

DEG and GO analyses reveal dysregulation of terms related to ADPKD both in
Ex157 and Ex15*/Ex42MM

Once we confirmed that the expression of PC-1 was consistent with the genetics of the
generated cell lines, we performed a RNA sequencing to identify the pathways that are
differentially expressed in Ex157 and Ex15*/Ex42MM clones compared to the WT cells.
Clones were cultured both in a complete medium (basal) and in starving condition (48h;
0.1% FCS) to mimic the induction of ciliogenesis, as demonstrated by Tang and colleagues,
who showed that serum starvation-induced autophagy promotes this process through
selective degradation of the satellite pool of the OFD1 protein, encoded by the gene

responsible for OFD type | syndrome’®.

An initial Principal Component Analysis (PCA) demonstrated that the two biological
replicates used for the subsequent analyses are equivalent and it also highlighted a clear
distinction between the two different culturing conditions — basal and starving — as
underlined by the dashed line in Figure 3A. Moreover, both in basal and in starving
conditions, a different clusterization among the clones was highlighted, reflecting their
genetics. Specifically, Ex15** and Ex15"*/Ex42MM clones grouped together, suggesting a
similar overall expression pattern. Likewise, Ex15*-, Ex157- and Ex15*/Ex42MM clones
clustered together, but distant from the other twos. A similar pattern of distribution is

observed either in basal or serum-deprived conditions.

We next focused on the differentially expressed genes (DEG) of each clone compared to
the WT cells (Figure 4A, B). In basal conditions, Ex157- clones presented 73 up-regulated
and 66 down-regulated genes compared to WT cells (Figure 4A). Among them, 54 up-
regulated and 35 down-regulated were not shared with other clones, representing a unique
feature. GO analysis performed on this subset of genes highlighted EMT, p53 pathway,
KRAS signaling and IL-2/STAT5 pathway within the up-regulated group of genes. On the
contrary, when looking at the down-regulated ones, terms related to regulation of intrinsic
apoptotic signaling pathway, as well as of endothelial cell-matrix adhesion via Fibronectin

and eventually negative regulation of autophagy were observed.
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A similar analytical approach was exploited to more deeply characterize the Ex15*-/Ex42MM
clone. A unique signature of 204 up-regulated and 248 down-regulated genes was identified
compared to the WT clone. G2-M checkpoint, EMT, Glycolysis and Fatty acid metabolism
were mainly present within the upregulated subset, while p53 pathway, Myc Targets and
Unfolded Protein Response were mainly enriched in the down regulated group.

In starving conditions, 223 up- and 139 down-DEGs were uniquely present in Ex157
compared to WT (Figure 4B). EMT, Apical Junction, TGF-beta signaling, cell adhesion
molecules and Focal adhesion were the main process enriched in up-regulated subset, while
terms related to apoptosis, cell-cell junction, adherens junction and zonula Adherens
characterized the down-regulated ones. On the contrary, genes that were differentially
expressed and only found in Ex15*-/Ex42MM cells compared to the control were associated
to terms such as EMT, Glycolysis for the up-regulated ones, whilst Myc Targets V1, IL-
2/STATS Signaling, TNF-alpha Signaling via NF-kB were down-regulated. In summary, the
initial DEG analyses highlighted GO terms related to ADPKD, such as EMT, p53 pathway,
cell-matrix adhesion and autophagy, which seemed to be dysregulated in Ex157- and Ex15*"
/Ex427- compared to Ex15**. Some terms were shared (such as EMT, p53, Myc targets),
but others were not (i.e. Glycolysis and Fatty acid metabolism), suggesting that the

introduction of the missense variant may be causative of these discrepancies.

Finally, GO analysis was performed on all up- and down-regulated genes that are shared
among the clones to understand whether these genes may contribute to the pathological
phenotype (Figure 4C, D). Overall, the transcriptional landscape did not undergo radical
changes, implying that the DEGs uniquely found in each clone are the main contributors to
the phenotype. Nonetheless, an enrichment of the mTORC1 and ROS pathway was found
in Ex157- vs Ex15*"* (Figure 4C). In starving conditions, the additional shared DEGs equally
contributed to the same signatures previously mentioned for Ex157 vs Ex15** and Ex15*"
/Ex42MMys Ex15** (Figure 4D). All genes found associated with each GO term are listed in
Table 5 and 6.

To sum up, DEG and GO analyses highlighted those terms that may be related to the
pathogenetic mechanisms of ADPKD, providing evidence of the validity of the models and

the basis for functional validation experiments.

Differential expressed genes underline pathway-specific differences among clones

DEG and GO analyses depicted an overall picture of the generated clones that reflects

typical features of the pathology, including those pathways that are the most disrupted in
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ADPKD as extensively addressed in the introduction section. For this reason, we sought to
investigate deeply the main altered cystogenic pathways to unravel the key genes
responsible for a certain phenotype. The selected pathways (Cytoskeleton, Cell-adhesion,
Cell Cycle and Autophagy) were investigated considering the genes that were differentially
expressed in Ex157 and Ex15*/Ex42MM vs Ex15**.

Regarding cytoskeleton, the most interesting differences and similarities among clones are
observed in basal condition. As a matter of fact, genes involved in actin depolymerization,
such as LIMK1 and CFL17¢, were found to be more expressed in Ex157, Ex15**/Ex42WM
and Ex15*-/Ex42MM. Moreover, TIAM1 is overexpressed compared to WT cells which is
thought to alter actin organization and cellular shape and is associated with changes in
Rac1/RhoA/ROCK signaling activity, also suggested by the lower expression of ROCK1 in
the same clones (Figure 5A)"". Lastly, it is noteworthy that genes involved in F-actin
outgrowth and focal adhesion formation’® (ENAH and ARPC5) were down-modulated in
Ex157.

It has long been recognized that alteration of ECM components and cell-adhesion properties
is a striking event during cysts development. Extensive evidence demonstrated that cysts in
human ADPKD kidneys had thickened and laminated cellular basement membranes as well
as an abnormal regulation of gene expression of several ECM components, including
collagens, laminins and proteoglycans by cyst epithelial cells’. Indeed, expression of
ITGBS8, ITGB4, COL4A1, COL4A2, COL6A2, ITGA1, LAMAS, SDC1 and ITGAS8 is higher in
Ex157 and Ex15*/Ex42MM clones compared to WT cells (Figure 5B).

Among the different types of cell-matrix interactions, focal adhesions play an important role
in cyst progression. As a matter of fact, Joly et al.*> showed that overexpression of a PC-1
C-terminal fragment in collecting duct cells stimulated the phosphorylation of FAK and
paxillin, leading to the formation of focal adhesion complexes. Thus, it is possible to
speculate that the loss of PC-1 during renal development causes to abnormal turnover of
focal adhesions. Several genes involved in the assembly of FAs are deregulated also in our
clones: for instance, CRK was found down-regulated in both Ex157 and Ex15*/Ex42MM
clones, while PTK2 and CAPNZ2 are negatively modulated only in Ex157- (Figure 5B).

Looking at the specific heatmap of genes involved in cell cycle regulation (Figure 5C), we
may observe a trend of similar expression between Ex157 and Ex15*/Ex42MM clones in
basal conditions. Specifically, genes as POLA2, CCND1 and CCNB2, whose function

converge in promoting proliferation and DNA replication, are more expressed compared to
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the other three clones. Anyhow, when switching to the starving conditions, their expression

is kept higher only in full Ex157 clones.

As regarding the autophagic pathways, there are some dysregulated genes that suggest a
potential defect in this peculiar process in Ex157 and Ex15*/Ex42MM clones (Figure 5D).
For example, in basal conditions we see a lower expression of three mTOR inhibitors, such
as PRKAA2, DDIT4 and indirectly RHEB, suggesting a hyperactivation of mTOR activity.
Moreover, several genes involved in endosomal trafficking and autophagosomal maturation
are poorly expressed, as RAB39A, RAB35, RAB9A and RAB4A.

All together, these results showed that, concerning the main pathways disrupted in ADPKD,
our clones presented a differential expression pattern, with an overall overlapping between
Ex157 and Ex15*-/Ex42MM clones, but still a functional assessment of these processes is

needed to fully confirm the validity of the models.

Ex157 and Ex15*/Ex42MM clones show defective actin polymerization and disrupted

formation of focal adhesions

Based on RNA-sequencing results, selective functional assays were performed to test the

impact of the different PKD1 variants generated on the pathological phenotype.

When considering cytoskeleton organization, we evaluated the capacity of the different
clones to polymerize actin filaments in basal conditions. We plated cells on untreated
coverslips overnight and then stained with phalloidin and DAPI to visualize actin and nuclei.
As expected, WT cells showed a normal actin polymerization ability which can be assumed
by the number of actin filaments produced in basal condition. No significant differences were
observed in Ex15*-and in Ex15**/Ex42MM cells, implying that the missense variant on exon
42 alone is not able to impair this process. In contrast, cells lacking FL-PC-1 (Ex157)
showed a defective actin polymerization instead, as the filaments count is lower compared
to the WT cells. Interestingly, the behavior of cells expressing a heterozygous variant in exon
15 and a homozygous variant on exon 42 (Ex15*/Ex42MM) overlapped with that of Ex157
cells, indicating that the sum of the two variants disrupts actin polymerization abilities. This
data led to the hypothesis that the region of the protein where the mutation falls is somehow
involved in the regulation of actin cytoskeleton and adhesion properties of the cells (Figure
6A).

To further dissect this phenomenon, we evaluated the possibility of a defective formation of
focal adhesions (FAs) underlying an altered cell adhesion and a reduced capacity to
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polymerize actin. For this purpose, we starved the cells overnight and we plated them on
coverslip previously treated with fibronectin. Fibronectin interacts and activates cell surface
integrins that in turn recruit a series of cellular proteins involved in connecting with the actin
cytoskeleton inside the cell: this initiates the formation of the integrin-based adhesive
organelles that are FAs. Intracellular signaling elicited by integrins or growth factor receptors
initiates the phosphorylation of FAK (also called PTK2) at tyrosine 397 (Y397) that is a critical
for c-Src binding and FAK itself activation®. The activated FAK/c-Src complex can
phosphorylate the downstream signaling molecules and the cytoskeleton-associated
proteins, promoting and regulating multiple cellular processes, as cell adhesion, migration,
proliferation and survival®'. We therefore stained with an antibody against phospho-FAK to
highlight active FAs (Figure 6B). In line with the actin polymerization process, Ex15**,
Ex15* and Ex15**/Ex42MM cells were able to properly form FAs, with accumulation of
phopsho-FAK signal (green) at the top of actin filaments. On the contrary, Ex157- and Ex15*"
/Ex42MM were significantly less positive for p-FAK1, with most of the molecule being retained

in the cytoplasm rather than localized at the adherent points.

Taken together, these results indicate that the variant on exon 42 of PKD1 alters actin
remodeling and FAs formation only when coupled with a more deleterious mutation that hits
the extracellular portion, giving a similar phenotype to what we observed in a full knock-out

clones on exon 15.

In a serum-deprived condition, Ex157- clone enters in S/G2 phases more easily than

other clones due to the induction of 1d2

Previous works demonstrated that cystic cells are characterized by a higher proliferation
rate as loss of PKD1 or PKD2 promoted cell-cycle progression to S and G2 phases. Several
authors®8 linked the abnormal epithelial proliferation observed in cystic kidneys to the
upregulation of the transcriptional regulator inhibitor of differentiation 2 (I1d2), which triggers
an Id2-mediated downregulation of p21 in both kidneys of PKD1/2 patients and in pkd1
knockout mice (schematic representation of how PC complex interacts with Id2 regulating
S/G2 entry is depicted in Figure 7A). Based on this knowledge and based on RNA-seq data
showing that terms related to cell cycle and proliferation pathways were de-regulated in the
generated clones compared to Ex15**, we investigated whether our mutant cells lines
behave similarly to what happen in patients’ cells and murine PKD models. Cells were
cultured both in complete and in serum-deprived medium for 48 hours before cell cycle

analysis. Results indicate that in complete medium there are no significant differences
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between clones (neither in terms of Go/G1 nor S/G2), however, in a serum-deprived medium
Ex157 cells showed a significant increase in percentage of cells in the S/G2 phases
compared to WT clones. All other clones - Ex15**/Ex42MM and Ex15*/Ex42MM - showed a
slight but not significant increment in S/G2 cells compared to the WT (Figure 7B), meaning
that the aberrant proliferation could be a prerogative of Ex157 clones only.

We then evaluated the transcription, translation and cellular localization of ID2 and its protein
product (Id2), a member of helix-loop-helix family of transcription factors, which notably acts
as a positive regulator of cell proliferation. RT-PCR data indicated that /D2 levels significantly
decreased when switching from basal to starving conditions in Ex15**, Ex15* and
Ex15**/Ex42MM indicating that cells arrested themselves in Go/G+1 phases. On the contrary,
in Ex157-cells, ID2 transcript levels remained significantly higher than those of Ex15** cells,
potentially explaining why Ex157 cells kept on progressing towards S/G2 phases (Figure
7C). We next evaluated the expression of 1d2 protein in whole cell lysates showing that Ex15
l--and Ex15*/Ex42MM in basal conditions produce larger amounts of 1d2 compared to WT
cells, even though no difference in terms of cell-cycle alteration was appreciated in this
experimental set-up. After 48 hours of starving, 1d2 levels drastically dropped in all clones
compared to the basal condition (red asterisks). However, Ex157 cells maintained a higher
Id2 expression compared to Ex15** cells, explaining the greater portion of cells in S/Gz
phases in these conditions. To further corroborate these findings, we performed western blot
analyses on cytoplasm-nuclear lysates in the same culturing condition to see whether there
was a different distribution of Id2 between these two cellular compartments. In fact, the Id2-
mediated increment of S-phase entry in PKD1 mutant cells should require the translocation
of the protein from cytoplasm to the nucleus, as it exploits its function in potentially three
different ways: (1) through binding with Rb to control Rb-E2F-mediated S-phase entry; (2)
through binding with bHLH factors to inhibit transcription of CDKN1A gene; (3) through
inhibition of p21 to increase Cdk2/Cdk4-mediated phosphorylation of Rb (Figure 7A). In
basal conditions, in Ex15** and Ex15*- cells most of the protein was in the cytosol,
suggesting an inactive state. In Ex157 clones, 1d2 level is higher compared to Ex15** both
at cytosolic and nuclear level with no significant difference between the two cellular
compartments. As concerning Ex15**/Ex42MM cells, they showed a significant increase in

|d2 protein level too, but only in the nuclear section compared to Ex15**.

In starving conditions, we observed that 1d2 level in Ex15**, Ex15*", Ex15**/Ex42MM and

Ex15*/Ex42MM is maintained low in both cytosol and nucleus in contrast to Ex157- where
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we demonstrated that not only 1d2 levels were significantly increased compared to WT, but
also that it translocated more into the nucleus where it could exploit its function, supporting

the results obtained from the cell-cycle analyses (Figure 7D).

Considered together these results show that cells expressing truncating variants in exon 15
are more resistant to starving conditions, showing a greater percentage of cells in the S/G2
phases. This behavior may be linked to a greater expression and cytoplasm-nuclear
translocation of 1d2, which is not appreciated in Ex15"/Ex42™M mutants, meaning that
probably the protein domain coded by exon 42 is not involved in regulating |d2 activity.

All homozygous clones (Ex157-, Ex15**/Ex42MM and Ex15*-/Ex42MM) show an

increased resistance to apoptosis in a stressful environment

Another key pathway that is altered in ADPKD is the apoptotic one. It is widely known that
apoptosis is persistently causing the alteration of the renal parenchyma. A number of in vivo
models showed that the inactivation of bcl-2 — an important inhibitor of apoptosis — initiates
the disease®84. However, CD133" progenitor cells isolated from human ADPKD patients,
when cultured in a serum deprived medium, are characterized by a strong resistance to
apoptosis®?. RNA-sequencing data showed that term related to apoptosis is differentially
regulated in all mutant clones and based on this, we wanted to understand how our cells
behaved in terms of apoptotic response, both in basal and in starving culturing conditions.
As represented by FACS profiles (Figure 8A) and by the cumulative graphs (Figure 8B),
full knock-out (Ex157, Ex15"*/Ex42MM) and compound heterozygous (Ex15*/Ex42MM)
clones showed a significant increased resistance to apoptosis, which can be observed only

in starving condition.

Ex157 and compound heterozygous clones fail to convert LC3BI to LC3BII

suggesting a potential defective autophagic flux

Extensive studies have dissected the autophagic mechanism in PKD, demonstrating both
increased and decreased autophagy activity depending on the different type of experimental
models®5828  Moreover, terms related to mTORC1 pathway emerged during RNA
sequencing analyses as down-regulated both in Ex157 and Ex15*/Ex427 in basal
condition, suggesting a potential alteration of the autophagic process in these cell lines. To
test whether a potential defect in autophagy can be a characteristic trait of our model too,
we starved the cells for 48h and assessed the conversion of LC3B isoform | to isoform 11, a
key step for the formation of autophagosomal membranes. Basal autophagy seemed not to

be altered, as expression level of LC3BII is similar across all the clones. When subjected to
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starving, LC3BII levels increased significantly in Ex15**, Ex15*- and Ex15**/Ex42MM while
the full knock-out on exon 15 and the compound heterozygous did not follow the same
behavior (with a low conversion of LC3BI to Il) (Figure 9A). Since LC3BII increment simply
indicates the accumulation of autophagosomes and does not guarantee autophagic
degradation, western blot on basal and starving conditions is insufficient to determine
whether the autophagic flux is defective. If, however, the amount of LC3BIl further
accumulates in the presence of a lysosomal activity inhibitor, this would indicate the
enhancement of the autophagic flux. Given that, we cultured the cells in presence of
chloroquine (CQ), an inhibitor of lysosome fusion with autophagosomes. We observed that
CQ treatment induced the accumulation of LC3BII in all clones, but to a lesser extent in

Ex157 and Ex15"*/Ex42MM suggesting a potentially defective autophagic flux.

Previous works demonstrated that ADPKD is a condition where an accumulation of
autophagic vesicles is observed, suggesting a problem in the fusion of these vesicles with
the lysosome?®’. To investigate the late steps of autophagy which consist in the fusion
between autophagosomes and lysosomes we used an artificial system based on the
infection of our cells with a tandem fluorescent protein construct containing LC3B cDNA that
allows an enhanced dissection of the maturation of the autophagosome to the
autolysosome®:89. By combining an acid-sensitive GFP (Emerald GFP) with an acid-
insensitive RFP (TagRFP), the change from an autophagosome (neutral pH) to the
autolysosome (with an acidic pH) can be visualized by imaging the specific loss of the GFP
fluorescence upon acidification of the autophagosome following lysosomal fusion. Upon
induction of autophagy, the Premo Autophagy Tandem Sensor labels the punctate
autophagosomes; these structures are positive for both GFP and RFP (yellow). Once the
lysosome has fused, the pH drops, which quenches the GFP, making autolysosomes appear
red (schematic representation of the experimental workflow is depicted in Figure 9B). Cells
were plated on coverslips with complete medium and infected with the viral construct for 16
hours before switching to a low-content serum medium for 24 hours. Cells were then fixed,
and nuclei stained with DAPI. Co-localization analysis highlighted that in Ex15**, Ex15*"
and Ex15**/Ex42MM clones the formation of autolysosomes occurs correctly as the fraction
of red signal co-localizing with the green one is lower (M2 coefficient, RFP vs GFP).
Meanwhile, in Ex157- and Ex15*/Ex42MM clones the induction of LC3B expression causes
the formation of autophagosomes as indicated by the predominance of yellow puncta over
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red ones (higher M2 coefficient). All together, these results confirmed the presence of a

defective autophagic flux in Ex157 and Ex15*/Ex42MM clones, in line with the disease.
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Discussion

Autosomal dominant polycystic kidney disease, the most common genetic cause of kidney
failure, is predominantly caused by pathogenic variants in PKD1 or PKD2. Advances in
sequencing technology have resulted in an increase in the utility of genetic testing in patients
with suspected ADPKD®. Clinically, ADPKD is characterized by heterogeneity in
presentation and evolution of the disease, with widely different kinetics of progression
toward end stage renal failure. There are some indications of a genotype-phenotype
correlation, with truncating variants generally associated with a more rapid cyst formation
and worsening of kidney function compared to missense mutations®'. However, it is very
difficult to make predictions of disease evolution, particularly if the family history is silent and
in the presence of missense variants or in the presence of variants of unknown significance
that may be particularly critical to interpret. In addition, recent data indicate that some
patients bear more than one PKD71 mutation or additional rare genetic variants in
cystogenes: these variants may act as contributing factors, similar to what has been
described for Alport syndrome patients where multiple variants in collagen genes may have
additive, neutral or compensating effects®.

In this context, the foremost aim of our work was to provide a proof of principle that it is
possible to generate cellular models carrying PKD1 variants exploiting novel genome editing
approaches useful to provide functional explanation particularly for variants of unknown
significance. We initially generated truncating variants on exon 15 (which in our cohort
represents a mutational hotspot) exploiting conventional CRISPR/Cas9 technique.
Secondly, we introduced a specific missense variant (c.11614G>A;p.E3872K) we identified
in one of our patients already reported in Varsome as likely-pathogenic (C4) on exon 42,
which induces an aminoacidic change from glutamate to lysine. We chose the
aforementioned variant because i) it is a missense variant, which represents the most
frequent type of mutation both in our cohort and in larger available databases (on Clinvar,
missense variants on PKD1 are 1222 over 2451 total C3/C4/C5 mutations, 49.9%); ii) it is
located in a region with low homology grade with pseudogenes’®, making the editing easier;
ii) eventually, it is a single-base substitution that can be modeled with base editors. Base
editing is a recent iteration of CRISPR-Cas nuclease editing that can overcome some of the
precision limitations of standard nuclease modifications. Base editing results in C>T (and
G>A on the complementary strand) changes at the target site in the case of cytosine base

editing (CBE) or A>G (and T>C) in the case of adenine base editing (ABE). Like nuclease
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editing, BEs consist in a Cas9 bound to a sgRNA containing an RNA scaffold and a 20-
nucleotide sequence upstream PAM sequence. The main two differences compared to
standard CRISPR system are the fact that (i) the Cas9 is catalytically inactive so that it can
only make a single-strand nick and that (ii) it is fused to a cytosine or adenosine deaminase
domain. The advantage is that base editing can occur with high efficiency, even in non-
dividing cells and does not require an exogenous DNA template to make precise
modifications. Besides, even though not all single base substitutions are possible with this
technique (indeed, only four out of twelve possible conversions are feasible), it is important
to highlight the fact that among the C3/C4/C5 missense variants reported on Clinvar and
identified on PKD1, 749/1222 (61.3%) variants are caused by substitutions that can be

edited by CBE or ABE (data available online https://www.ncbi.nlm.nih.gov/clinvar). However,

sgRNA design for this kind of Cas9 is not always practical as different technical requirements
need to be fulfilled: the target base must fall in a specific activity window inside the sgRNA
(usually between the 4" and the 8" nucleotide); no by-stander bases should be located
around the target base and if so, it is necessary to evaluate the impact of its potential
substitution on the protein production and function before synthetizing it. However, despite
the design difficulties, there are many types of BEs that differ based on the efficiency, the
PAM sequence and activity window so that a wide spectrum of editing possibilities is

available®s.

Our results suggested the validity of the newly generated cellular model, as RNA sequencing
data (and later confirmed by the functional ones) showed transcriptional signatures that are
shared with ADPKD phenotype (such as terms related EMT, mTORC, TGF-beta signaling,
G2-M transition etc). It is also true that some of the alterations observed seemed to move in
the opposite direction from what previously reported, as in the case of mTORC, p53 and
cytoskeleton alterations. This is a major controversial point of the RNA-sequencing results;
nonetheless, by dissecting the components of each GO terms, we highlighted a consistency
with our functional results, as we deeply discussed in the results section. We believed that
there could be driving genes that lead the pathway more than others and specifically with
either inhibitory or activating functions, meaning that even if globally the gene expression

analysis seemed to be contradictory in our clones, functional assessment was still required.

Concerning the functional part of this work, the assays performed were chosen based both
on RNA sequencing data and on the previously published literature. Given the results we

obtained, we were able to confirm the pathogenicity of the missense variant c.11614G>A,
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as Ex15"/Ex42MM clones are both transcriptionally and functionally similar to Ex157 - which
behave as a positive control — confirming either the validity of the model and the accuracy
of the selected assays. This is a key point of the work because it paves the way to a rapid
functional evaluation of those variants classified as C3, which make ADPKD diagnosis more
difficult and uncertain. Moreover, we can also claim the fact that the “double-hit” hypothesis
is true also in our cellular model: indeed, Ex15*" clones — although transcriptionally similar
to the Ex157- and Ex15*/Ex42MM - functionally resemble WT cells, as the introduction of a
truncating heterozygous variant on PKD1 does not lead to the pathological phenotype (as
expected). Nonetheless, it was odd not to observe a pathogenetic profile also in
Ex15**/Ex42MM clones, as they carry a likely pathogenic variant in homozygosity. The
possible explanation to the absence of a clear (or milder compared to Ex157-) phenotype
can be addressed to the fact that this variant was identified in cis with a second additional
germline variant in PKD1 (c.5600A>G p.(N1867S)), precisely on exon 15, meaning that the
presence of the first variant alone is probably not sufficient for the clinical phenotype to
manifest. This could explain why when combined with a more deleterious variant (such as
the truncating one on exon 15) also the missense variant on exon 42 have an impact on the

phenotype, in line with the “double hit” hypothesis that explains the disease’s progression.

Lastly, a further key point of this work was the possibility to estimate to what extent the type
of variant influences the phenotype and if its location along the gene may have a different
contributor effect to the pathways’ alteration. As one might expect from its large, multi-
domain structure and multiple cellular locations, the functions ascribed to PC-1 are
numerous but are not completely understood in an integrated or disease-relevant
perspective. The truncating variants on exon 15 target an important region of the
extracellular portion of PC-1, the PKD repeats, whose functions have been extensively
studied. Indeed, it is known that PKD repeats play established roles in protein—protein or

protein—matrix interactions, mediating cell adhesion and cell-cell contact.

The variant ¢.11614G>A instead falls in the TOP domain®*, also called polycystin domain®,
which is shared with other polycystins. In PC-2, the TOP domain not only mediates
homotypic interactions between PC-2 subunits, but also sits atop the voltage-sensing
domain and the outer pore region, thus suggesting a role in channel gating %. Previous
studies that aimed to dissect the formation of the PC complex have shown that PC-1 can
interact with PC-2 in a 1:3 stoichiometry through coiled-coil domains present in their

intracellular C-termini®’, and more recent evidence indicate that the S1-S2 extracellular loop
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of PC-2 and the S6-S7 loop of PC-1 (corresponding to the TOP domain) play a crucial role
in the assembly and function of the polycystin complex®. Unlike the TOP domain identified
in PC-2, the PC-1 TOP domain lacks some of the interacting domains, thus excluding the
possibility of PC-1 homodimerization®. In light of this, it is now clear that even a minor
aminoacidic substitution in this domain can alter the stability of the PC complex, thus

compromising its function as a Ca?* permeable channel.

It is noteworthy to point out that a putative truncated form of PC-1 (around 200 kDa) was
detected in our heterozygous and homozygous clones using an antibody raised against the
N-terminal portion of the protein. This could be in line with the location of the DNA rupture
on exon 15. However, we do not have any evidence whether this truncated form has a
function or not, or whether it is delivered to the membrane exploiting at least its cell-cell and
cell-matrix adhesion function. To do that, a first mass spectrometry analysis should be
performed to verify whether the shorten form is indeed a product of the truncating variants
introduced in exon 15. Secondly, proper functional assays should be carried out to discover

its location in the cell (whether in membrane or internalized in the cytoplasm).

To sum up, our results showed that Ex15*/Ex42MM cells behave similarly to Ex15™
concerning actin polymerization, focal adhesions’ formation and autophagic pathway.
Induced S/G2 entry driven by Id2 induction was the only phenotype — among the ones we
tested — that evidenced a difference between the two cell lines. Lastly, increased resistance

to apoptosis seemed to be a shared phenotype also by the Ex15**/Ex42MM clones.

For FAs and consequent actin remodeling, we observed a similar pattern for both Ex157
and Ex15*-/Ex42MMclones. This is reliable as previous work demonstrated the ability of PC-
1 to bind the ECM and mediates cell-cell contacts through its N-terminal domain; not only,
the C-terminal of the protein is instead involved in the phosphorylation of FAK and paxillin,
stimulating the formation of FAs, clearly demonstrating that it has a pivotal role in mediating

cell-adhesion?®.

Concerning proliferation and cell cycle, previous data demonstrated that, when PC-2 is
phosphorylated on Serine 812, it is bound to 1d2, retaining it in the cytoplasm and preventing
its effect on p21 transcription leading to cell-cycle progression®. It is also known that this
phosphorylation is PC-1 dependent. However, it is still not clear how this post-translational

modification occurs: Serine812 is thought to be a putative phosphorylation site for Casein

37



Kinase 2 (CK2), and it was shown that in Pkd19ei34/deil34 gnd Pkd1nu/null mice, which do not
have a functional PC-1, this residue is not phosphorylated and so Id2 is able to exert its
function into the nucleus. Based on this and based on our results, we hypothesized that the
variant on exon 42 does not affect the phosphorylation of PC-2, thus not impairing
proliferation in Ex15*-/Ex42MM as it does in Ex157- cells. To further prove this theory, we

should verify the phosphorylation status of PC-2 in our clones'0,

Autophagy dysregulation has been lately described as one of the key features of ADPKD,
but it is still controversial how the PC complex regulates this process. Several studies
described a pivotal role in regulating macroautophagy both for PC-1 and PC-2. For instance,
Peintner et al.?® showed that Pkd7-deficient mouse inner medullary collecting duct cells
(mIMCD3) and tubular epithelial cells isolated from nephrons of pkd1 knockout mice showed
diminished lysosomal acidification, LAMP degradation and reduced cathepsin B processing
and activity. This led to an impairment of autophagosomal-lysosomal fusion, that happens
because of an hyperactivation of Calpains (CAPNs), which are calcium-sensitive proteases.
It is highly probable that the dysregulation of calcium influx plays a key role: PKD1 could
regulate calcium influx via its interaction partner PKD2, which operates as a cation channel
that regulates calcium fluxes'01.102.103.19 - Coherently, Pefia-Oyarzun et al.®" demonstrated
that PKD2 have also an independent role in inducing autophagy, exploiting its ability to form
complex with BECN1. The formation of this complex depends on the presence of the CC1
domain of PKD2 and on intracellular Ca?* mobilization. All together, these results suggest
that the PC complex regulates autophagy through Ca?*-dependent mechanisms. This may
explain why our Ex157- and Ex15*/Ex42MM behave similarly, as both present mutations that

affect either the formation or the stability of the PC complex.

Lastly, data concerning apoptosis are the only ones whose interpretation is still under
debate. As a matter of fact, even though it has been previously demonstrated that cyst-lining
cells (CD133+) are able to withstand apoptotic pathways better than their WT counterparts®?,
general knowledge about the disease stated that actually apoptosis is massively induced in
ADPKD, being one of the most important traits in polycystic kidneys'04195.1%_Moreover, this
is the only phenotype (among the ones tested) that do not highlight any differences between

homozygous clones, including Ex15**/Ex42MM,

A maijor limitation of this study is the selected cell line. HEK293T cells are not the most

representative model to study ADPKD as they are not epithelial/renal-derived cell line,
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lacking some of the typical morphological and functional traits of kidney-like cells (as
RPTEC/hTERT1) and pose the problem of clonality. For instance, HEK293T are not cells
able to grow tridimensionally on a layer of matrigel/collagen to form tubular'®” or cystic
structures in case of mutations of PKD-related genes, which is the most evident phenotype
characterizing the disease. However, the aim of this work is to create a library of cell lines
bearing variants on PKD1, which normally is not prone to gene editing due to the high
percentage of homology with its 6 pseudogenes. Moreover, for CRISPR/Cas9 to be effective
in gene tagging, the technology must create a double-strand break (DSB) to induce NHEJ
or homology-directed repair (HDR) in the case of knock-in mutants. Given that, all cells do
not undergo HDR at the same efficiency and the ability to tag a given locus may vary
between different cell lines. For instance, tubular-epithelial cell lines such as
RPTEC/hTERT1 are conventionally not prone to be genetically modified for this reason'%8,
making them unsuitable to our aim. Anyhow, we demonstrated that HEK293T cells can
recapitulate some of the “bidimensional” features of ADPKD, as several biological processes
are altered similarly to what we can observed in patients’ cystic cells. As concerning the
clonality issue, we were able to overcome that by working with multiple clones carrying the
variant on exon 42, but it remains a crucial point for those cell lines carrying the variants on
exon 15. Indeed, the lower efficiency of the conventional CRISPR/Cas9 system led to the
generation of a single clone both for the heterozygous and homozygous cells on exon 15,
which will be solved generating and testing other clones to make sure that the selection
process did not introduce any bias.

In conclusion, this work provides a starting point for the generation of different ADPKD-
related variants, primarily in mutational hotspots (exons 15, 18, 23 and 46), using base
editors and other cutting-edge genome editing approaches, such as prime editing and Cas9-
RNP. The foremost goal is to create a library of cell lines carrying PKD1 variants that can be
studied in controlled experimental settings to determine their functional impact on the clinical
phenotype. Moreover, one of the aims is to highlight differences based on the type of variants
and location along the gene, complementing the already available knowledge about the

genotype-phenotype correlations in ADPKD.
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Tables

Table 1. sgRNA design and CRISPR/Cas9 plasmid used to introduce the variants of
interest.

|SJRNA name | Sequence CRISPR/Cas9 system

EXON15 GCTCCTCCAACACGACCGTGCGG pCW-Cas9
EXON42 GAACTCGAGGCGCAGCGTGACGG pCMV-AncBE4max-P2A-GFP
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Table 2. LR-PCR primers used to amplify PKD1 gene.

Fragment (Sl;:e) Exon Forward primer (5°-3’) Reverse primer (5-3’)

Gene 13-15 | 4391 |13-15| TGGAGGGAGGGACGCCAATC | GTCAACGTGGGCCTCCAAGT
Gene 42-46 | 2370 |42-46 | GAGTAGTTCTCCAGGAGTGCCG |ATTCTGCCTGGCCCTCGGCCTT
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Table 3. Nested and sequecing primers used for exon 15 and exon 42.

i ; ) . 5 Gp Exons

Primer name Forward primer (5°-3’) Reverse primer (5’-3’) covered
PKD1-exon15B GACATGAGCCTGGCCGTGG CCACCTCTGGCTCCACGCA 15
PKD1-exon42 CCTCAGCCACGCCTGCACT GGGTGAGACGCTGCCGGG 42
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Table 4. List of primary antibodies used.

Target Application Company Product ID
p-FAK (Tyr397) IF Cell Signaling Technologies 8556
1d2 WB Cell Signaling Technologies 3431
LC3B WB Cell Signaling Technologies 2775

Polycystin-1 (7TE12) WB Santa Cruz sc-130554
beta-actin (13E5) WB Cell Signaling Technologies 5125

Pan-ERK WB BD Biosciences 610124

alpha-tubulin WB Cell Signaling Technologies 2144
Lamin A/C WB Cell Signaling Technologies 2032

IF: Immunofluorescence

WB: Western Blot

50



Table 5. List of genes belonging to up-regulated GO terms

BASAL

STARVING

Term P.value Genes Sample
Epithelial Mesenchymal Transition 4 4E-04|SFRP1;CDH2;LAMA3;CD44 Ex15™"
Epithelial Mesenchymal Transition 9.0E-05[SFRP1;COL12A1;FN1;SDC1;CRLF1;FBN1
p53 Pathway 6.2E-03[PROCR;BMP2;SDC1;NDRG1 Exi5t
TGF-beta Signaling 1.7E-02|BMP2;SMAD6
KRAS Signaling Up 3.7E-02({BMP2;MAFB;ALDH1A2
G2-M Checkpoint 2.2E-06|HSPAS8;CENPE;SQLE;CENPF;MKI67
Mitotic Spindle 2.0E-02(CENPE;CENPF Ex15"*/Ex42"™
E2F Targets 2.0E-02|CENPE;MKI67
Mitotic Spindle 1.6E-09|PIF1;NUMA1;ITSN1;NDC80;CENPE;CCNB2;CENPF;NIN;PRC1;CNTRL;FSCN1;CEP250;MYH9;SPTAN1;BUB1;DLGAP5
G2-M Checkpoint 6.7E-07 |HSPA8;NUMA1;KNL1;HMMR;MKI167;NDC80;CENPE;CCNB2;CENPF;PTTG1;PRC1;STMN1;BUB1 Ex15"/Ex42MM
Epithelial Mesenchymal Transition 9.2E-03[ACTA2;TPM4;COL4A2;COL5A1;COL4A1;COL6A2;DPYSL3
Epithelial Mesenchymal Transition 4.1E-03|SFRP1;BASP1;COL5A2;LAMA3;FN1;EDIL3;CD44 Ex15"
Apical Surface 9.7E-03[SCUBE1;CROCC;GATA3
Epithelial Mesenchymal Transition 2.3E-08[CXCL8;COL12A1;APLP1;TFPI2;FN1;NID2;FBLN2;LOXL2;COL1A1;SFRP1;COL3A1;BASP1;SDC1;PTX3;CRLF1;FBN1
TGF-beta Signaling 1.0E-04|BMP2;NOG;ID1;ID3;SMAD6;SMAD7 Ex157
Apical Junction 2.2E-02[MAP4K2;ITGB4;CNTN1;SHROOM2;NRXNZ2;ICAM1;FBN1
p53 Pathway 2.2E-02|BMP2;ITGB4;GLS2;PLK2;FDXR;SDC1;FGF13

Apical Surface

2.3E-02

SCUBE 1;SHROOM2;GATA3

Epithelial Mesenchymal Transition

9.3E-03

ACTA2;,COL3A1;APLP1;HTRA1

Ex15"/Ex42"™
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Table 6. List of genes belonging to down-regulated GO terms

BASAL

STARVING

Term P.value Genes Sample
mTORC1 Signaling -5.2E-04|SLC7A5;CTH;DDIT4;SLC7A11;NUPR1 "
p53 Pathway -2.8E-02|DDIT4;:SLC7A11;NUPR1 Ex15
Reactive Oxygen Species Pathway -1.2E-03|FES;MGST1;MBP Ex15""/Ex42"™M
TNF-alpha Signaling via NF-kB -1.5E-10|KLF10;PPP1R15A;EGR1;CEBPB;EGR3;GADD45B;DUSP1;TNC;FOS;EIF1;RELB;VEGFA;NFKH
p53 Pathway -2.0E-04|PPP1R15A;CSRNP2;TRAF4;DDIT4;TRIB3;SLC3A2;SLC7A11;FOS;TRIAP1;ATF3;IER3
mTORC1 Signaling -3.0E-03|PPP1R15A;SLC7A5;XBP1;CTH;DDIT4;TRIB3;SLC1A4;SLC7A11;BCAT1 Ex15"/Ex42"M
TGF-beta Signaling -8.2E-03|KLF10;PPP1R15A;ID2;ID1
Apoptosis -1.0E-02|EGR3;GADD45B;CTH;RARA;ATF3;IER3;BCL2L1
KRAS Signaling Up -1.7E-06|GUCY1A1;,TMEM158;MAFB;CA2;IGFBP3;CXCR4;TNFAIP3;PLAT;TRIB1;PTGS2;ETV4,ETV5
Epithelial Mesenchymal Transition -5.9E-05|TGFB1;CXCL8;GADD45B;LOX;IGFBP3;TNC;TIMP3;TNFAIP3;THBS1;GEM Ex15%
TGF-beta Signaling -2.6E-03|KLF10;TGFB1;JUNB;THBS1
Apoptosis -2.9E-02|CCNA1;GADD45B;TIMP3;PLAT;IER3
Epithelial Mesenchymal Transition -2.0E-04| TNFRSF12A;CDH2;IGFBP3;COL5A3;COL7A1;TNC;LAMCZ2;INHBA;CD44
Apoptosis -6.0E-03|EGR3;ANXA1;TNFRSF12A;PEA15;PSEN2;CD44 Ex15™
KRAS Signaling Up -1.6E-02|IGFBP3;GABRA3;INHBA;NGF;MMP10;MPZL2
Epithelial Mesenchymal Transition -3.3E-03|CXCL8;ADAM12;TFPI2;LAMA3;FBN1
p53 Pathway -3.3E-03|VAMPS8;DDIT3;PDGFA;FGF13;ATF3 Exd54/4/Exa2MM
TNF-alpha Signaling via NF-kB7 -1.8E-02| TNFRSF9;SLC2A3;PTGS2;ATF3
Apoptosis -4.7E-02|LGALS3;DDIT3;ATF3
TNF-alpha Signaling via NF-kB -9.1E-06|KLF6;DUSP1;MYC;MAFF;TNC;GEM
Myc Targets V1 -1.4E-03|PSMB3;C1QBP;MYC;RPL6 Ex15+/-/Ex42"™
Epithelial Mesenchymal Transition -1.4E-03|SPARC;CDH2;TNC;GEM
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Figure Legend

Figure 1. Schematic representation of the PKD71 mutant clones’ generation

(A)HEK293T cells were transfected with either an empty vector or a sgRNA targeting
exon 15 of PKD1 to generate homozygous and heterozygous clones using a
conventional CRISPR/Cas9 approach. Then, Ex15** and Ex15*" clones were used
to introduce an additional variant c.11614G>A;p.E3872K, using cytosine base editor
(CBE) and only homozygous clones were selected.

(B) Truncating mutations on exon 15 target an important extracellular domain of the
protein, called PKD repeats that share sequence similarity with immunoglobulin-like
and fibronectin type-3 domains'®. The missense variant introduces an aminoacidic
change in one of the transmembrane domains (TM) potentially important for the
stability of the protein and its interaction with PC-2.

(C)Representation of PC complex with a particular focus on the mutation site of
c.11614G>A;p.E3872K. PC-1 is depicted in cyan and PC-2 in grey. The substitution
of the glutamate into a lysine should induce a disruption of a hydrogen bond that links
the oxygen of the carboxylic group of the glutamate to the amminic group of the
backbone (dashed yellow line), resulting in a structural destabilization of PC-1.

Images generated by the lab of Professor Dell’Orco (University of Verona).

Figure 2. PKD1 transcript and PC-1 protein levels confirm the genetics of the

generated clones

(A) Chromatograms obtained from Sanger sequencing of all the PKD1 WT and mutant
clones. Exons 15 and 42 were both amplified through a Long-Range PCR using
primers previously validated by”3. A second amplification was performed using
internal primers.

(B) Transcript level of PKD1 was evaluated in all clones through RT-PCR (at least n = 5)
using a pair of primers that amplify exon 33 of the gene®2.

(C)Western blot for Polycystin-1. Ex15** and Ex15**/Ex42MM present full-length (FL)
PC-1 protein (460 kDa), while Ex15*- and Ex15*/Ex42MM present half of the amount
of the FL form and a putative truncated protein (CL) around 120 kDa, generated by
the interruption of translation in exon 15. Consequently, full knock-out Ex157- did not

show FL PC-1 but only the truncated form.

53



Figure 3. Unsupervised analyses highlight a different clusterization between basal

and starving conditions ad among clones with different genetics

(A)PCA analyses of variance-stabilized transformed (vst) counts of the five different
clones, either cultured in complete (basal) or serum-deprived medium (starving). The
first 2 components, which respectively accounted for the 24% and the 16.9% of the
variance among all clones, were plotted. The two replicates of each clone used to
perform the subsequent bioinformatic analyses are depicted. The dashed line was
manually drawn to highlight the two different clusters (basal and starving).

Figure 4. DEG and GO analyses reveal dysregulation of terms related to ADPKD both
in Ex157- and Ex15*/Ex42"M

(A,B) Upset plots of DEG identified in all clones compared to the control (Ex15**) cultured
in basal (A) and starving (B) condition. Upper panel (red) represent upregulated genes,
whilst the lower panel (blue) the down-regulated ones. Set size indicates the total number
of genes in a given set, whereas intersection size indicates the number of genes that are

in common amongst the comparisons, or unique to each set.

(C,D) GO analyses performed on DEG identified in all clones compared to the control
(Ex15**) underlining terms up- or down- regulated in basal (C) and in starving (D)
culturing condition. Size of the dots correlates with the number of genes comprised in
each term. Genes associated to each term are listed in table 5 and table 6. Statistical

significance of each term is expressed as -log10(pvalue).

Figure 5. Differential expressed genes underline pathway-specific differences among

clones

Heatmaps of genes associated to specific GO terms — normally dysregulated in ADPKD

— such as cytoskeleton (A), cell- and focal adhesion (B), cell cycle (C) and autophagy (D).
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Figure 6. Ex157- and Ex15*-/Ex42"M clones show defective actin polymerization and

disrupted formation of focal adhesions

(A) Immunostaining of F-actin (Phd - red) and nuclei (DAPI - blue) of the five cell lines to
highlight potential defect in actin polymerization and cell adhesion. The number of
actin filaments were then manually counted using ImageJ (at least n = 4). Each dot
represents one cell. Error bars represents Standard Deviation (SD). Statistical
analysis was performed using un-paired parametric t test.

(B) Immunostaining of phospho-FAK (Y397) (pFAK — green), actin (phalloidin - red) and
nuclei (DAPI - blue) of the five cell lines previously starved over-night and then plated
on fibronectin-treated coverslip for 1 hour. Ex15**, Ex15*-, Ex15"*/Ex42MM preserve
the ability to properly form FAs (accumulation of active FAK), while Ex157- and Ex15*"
/Ex42MM present less activated FAK mainly localized at cytoplasmic level (at least n
=3).

Figure 7. In a serum-deprived condition, Ex157 clone enters in S/G2 phases more

easily than other clones due to the induction of 1d2

(A) A schematic representation of the pathway that connects PC proteins and inhibitor
od differentiation 2 (Id2) in regulating cystic epithelial cell proliferation (revised from
83). Loss of PKD1 results in the upregulation of Id2 and it affects indirectly also the
shuttling of Id2 between nuclear and cytosolic compartments.

(B) Cell-cycle analysis was performed after 48h in basal and starving culture condition.
Asterisks indicate statistical significance calculated against Ex15*/*.

(C)RT-PCR and whole-cell lysate western blot performed after 48h (at least n = 6) to
evaluate the transcription of /D2 and production of its protein. Black asterisks indicate
statistical significance calculated against Ex15**. Red asterisks indicate statistical
significance calculated considering the same clone in the two culturing conditions.

(D)Level of 1d2 in Cytoplasmic-Nuclear fractions both in basal and in starving conditions.
Lamin A/C (74 and 65 kDa) is used as a nuclear marker, while a-tubulin (52 kDa) as
a cytoplasmic marker. Actin was used to normalize 1d2 expression. Black asterisks
indicate statistical significance calculated against Ex15**. Red asterisks indicate
statistical significance calculated considering the same clone in the two culturing

conditions (experiments  were performed at least five  times).
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Error bars represents Standard Deviation (SD). Statistical analysis was performed

using un-paired parametric t test.

Figure 8. All homozygous clones (Ex157-, Ex15**/Ex42™M and Ex15*-/Ex42"M) show

an increased resistance to apoptosis in a stressful environment

(A) Cytofluorimetric profiles of necrotic (Q1), late-apoptotic (Q2), live (Q3) and early
apoptotic (Q4) cells after Annexin-V/PI staining. Analysis of apoptosis rate was
performed after 68h of starving.

(B) Cumulative graph of at least n = 6 experiments showing the percentage of live cells
in basal or in starving medium after 68h.
Error bars represents Standard Deviation (SD). Statistical analysis was performed

using un-paired parametric t test.

Figure 9. Ex15”- and compound heterozygous clones fail to convert LC3BI to LC3BII

suggesting a potential defective autophagic flux

(A) Quantification of LC3B conversion from isoform | (17 kDa) to isoform Il (14 kDa)
assessed by western blot in cells cultured in complete medium (basal) or in serum-
deprived medium (starving for 48h) either un-treated or treated with choloroquine
(CQ) [100uM] for five hours, a drug whose mechanism of action is to block the binding
of autophagosomes to lysosomes by altering the acidic environment of lysosomes (at
least n = 3). Actin was used as a normalizing protein.

(B) Autophagic flux was better dissected using the Premo Autophagy kit, based on the
infection of cells with a construct containing LC3B cDNA, associated with an acidic-
sensitive GFP and an acidic-insensitive RFP. As depicted in the graphical
representation of how the system works, infected cells start to transcribe and
translate the entire construct. If LC3B-GFP-RFP localize on the autophagosomes’
membrane, the two colors are maintained, and vyellow dots are Vvisible
(autophagosomes). When autophagosomes fuse with lysosomes, the acidic
environment causes the release of the GFP marker, thus leading to the formation of
red dots (autolysosomes). Cells were infected simultaneously with plating on poly-L-
lysine treated coverslips. After 16h, medium was changes and serum-deprived

medium was added. After 24h, we proceed with fixing and staining with DAPI.
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Analysis was conducted with ImagedJ and at least 6 images per experiment (n = 5)
were analyzed. Manders coefficient (M2) was plotted to highlight the fraction of red
signal co-localizing with green signal (the closer is to 1 the more is colocalizing). Error
bars represents Standard Deviation (SD). Statistical analysis was performed using
un-paired parametric t test.
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PC2, 16.9% variation

PCA1, 24% variation
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