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CHAPTER 1

1. Autosomal Dominant Polycystic Kidney Disease

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a heritable genetic disorder with
a prevalence of <5/10.000 in the European Union!. The major hallmark of ADPKD is the
formation of many fluid-filled cysts in the kidneys, which ultimately impairs the normal renal
structure and function, leading to end-stage renal disease (ESRD)?*. Additionally, extrarenal
manifestations such as liver and pancreas cysts and cardiovascular abnormalities are also
present?.

In the majority of the cases, ADPKD is caused by a mutation in either of two genes: PKD1
in 85% of the case; PKD2 in 15% of the cases. PKD1/2 genes encode for Polycystin 1 (PC1)
and Polycystin 2 (PC2), respectively?. PC1 is a very large membrane protein of 4303 amino
acids, with a long extracellular N-terminal, eleven transmembrane domains, and a small
intracellular C-terminal®. PC2 is a much smaller transmembrane protein of 968 amino acids,
with six transmembrane domains, and intracellular N- and C-terminal®. The polycystins are
localised at various location in a renal epithelial cell. Particularly, PC1 expression has been
observed at the apical and basal side of the epithelial cells, the primary cilium, and several
lateral junctions. PC2, instead, have been observed mainly at the primary cilium, basolateral
membrane and endoplasmic reticulum®. The exact functions of these two proteins are
still not completely understood. PC1 may function as a receptor able to respond to both
mechanical and chemical signals and transducing them to downstream signalling. Indeed,
the intracellular portion of the protein can be cleaved and translocate to the nucleus where
it interacts with several transcription factors like B-catenin and STATs”*°. PC2 seems to be a
non-selective cation channel and might be regulating the intracellular Ca?* concentration,
influencing several signalling pathways*®. However, the molecular mechanisms that lead
to cyst initiation and progression after the loss of functional levels of PC1/2 are still not
understood.

Conversely, the pathophysiology of the disease progression is mainly known (Figure 1).
In most cases, ADPKD patients carry a germline mutation in one allele of PKD1/2 genes.
Throughout life, due to somatic mutations in the unaffected allele (second hit mutations)
or to stochastic fluctuations in the gene dosage of PKD1/2 (haploinsufficiency), the level of
expression of PC1/2 drops below a critical threshold!. As a consequence, renal epithelial
cells are more prone to cyst formation. Interestingly, the time between the critical reduction
of PC1/2 and cyst initiation can be influenced by the biological context. As evidenced by
several studies, differences in timing and location of gene inactivation, the metabolic
status, the genetic context and introduction of renal injury can influence cyst formation and
progression'?. Once cysts have been formed, proliferation and fluid secretion contribute
to the cyst size increase, which eventually cause stress on the surrounding tissue resulting
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in local injury and fibrosis®®. In the advanced stages of the disease, cystic kidneys are
characterised by local injury, production of growth factors and cytokines, infiltrating cells
and progressive fibrosis, which ultimately lead to loss of renal function®'.
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Figure 1. Disease progression in ADPKD

A single PKD1 or PKD2 allelic mutation is inherited in patients affected with ADPKD. Later in life, due to a second
hit mutation in the unaffected allele or to stochastic variation in gene expression, the level of PC1/2 expression
drops under a critical threshold. As a result, epithelial cells are more prone to initiate cyst formation. The time
between the critical reduction of PC1/2 levels and the initiation of the cysts is variable and can be influenced by
other events, for example, renal injury. After injury, the tissue repair occurs in the absence of sufficient levels
of PC1/2 resulting in an abnormal tubular epithelium. The structurally altered epithelial cells are more prone to
cyst formation, accelerating disease progression. After cysts are formed, increased proliferation and altered fluid
secretion help the cyst to grow and expand, compressing the surrounding tissue. Mechanical stress, as well as
secretion of cytokines and growth factors, generate additional injury locally, which contributes to cyst formation
and fibrosis deposition. In the more advanced stages of the disease, the tissue is increasingly fibrotic, with visible
cellular infiltrates and loss of normal parenchyma. Image from Happé et al. *

2. Renal injury and repair mechanisms

Following a renal insult, the kidneys are able to repair the injury themselves by inducing
proliferation of surviving tubular epithelial cells'. During this regeneration phase, tubular
epithelial cells are lost or show an aberrant morphology (e.g., loss of brush border and
flattening of proximal tubular epithelial cells). Also, infiltration of inflammatory cells
is observed®. All these events ensure a proper repair of kidney structures and function.
However, in some cases the damage is too extensive, or the injury insult persists leading
to tissue remodelling, progressive fibrosis and loss of renal function. This fibrotic phase is
characterised by chronic inflammation, expansion of alpha-smooth muscle actin (aSMA)
positive cells, capillary rarefaction and hypoxia, which fuel the deposition of extracellular
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matrix (ECM) and, at the same time, perpetuate local injury leading eventually to chronic
kidney injury (CKD) and ESRD? (Figure 2a).

3. Renal injury and progression of ADPKD

The link between cyst progression and injury has been already suggested by Weimbs, who
postulated that a possible role for PC1 is to sense renal injury via changes in luminal fluid
flow. As a result, PC1 activates molecular pathway transducers, such as mTOR and STAT6,
leading to increased proliferation and repair of the injured kidney tissue. In ADPKD, reduced
levels of PC1 might trigger the activation of proliferation even in the absence of injury,
resulting in cyst growth and expansion'. However, especially in adult kidneys, deletion
of Pkd1 alone does not immediately translate in cyst formation, which occurs only after
a lag period. Another event, such as renal injury, must occur to start cyst formation?’. In
line with this idea, several research groups employing different kinds of renal injury (e.g.,
nephrotoxic compound, ischemia-reperfusion or unilateral nephrectomy) demonstrated
how acute kidney injury (AKI) was able to speed-up cyst progression in mice®®?2
Additionally, cyst expansion causes mechanical stress to the surrounding tissue and vessels
together with the secretion of cytokines and growth factors, activating pathways involved
in cyst progression and resulting in a snowball effect that supports more cyst formation?3.
Interestingly, various mechanisms normally active during the injury-repair phase such as
proliferation, inflammation, cell differentiation, cytokines and growth factors secretion, are
also activated during PKD progression, and largely overlap with the mechanisms at play
during renal development!”?224, |n fact, renal epithelial cells in ADPKD kidneys often appear
“dedifferentiated” with reduced expression of the epithelial marker E-cadherin, which is
compensated by increased expression of the mesenchymal marker N-cadherin. The switch in
cadherins seems to be a direct effect of the missing interaction of PC1/2 with the E-cadherins
at the adherens junctions. As a consequence, the cells lose the proper polarisation resulting
in a less differentiated phenotype and alterations in cellular functions*?¢. Moreover, ADPKD
cells re-express genes normally expressed during developmental stages and silenced in adult
tissues, in line with the partial dedifferentiated phenotype observed?. Altogether, these
events can ultimately contribute to disease progression. In a normal situation, reactivation
of the aforementioned pathways following renal injury allows remodelling of the tissue
and a proper organ repair. Instead, in a context of PKD-related gene mutations, aberrant or
chronic activation of these developmental pathways and repair/remodelling mechanisms
results in exacerbation of the disease (Figure 2b).

In the following paragraphs, | will discuss some of the main pathways involved in injury-
repair and ADPKD.
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Figure 2. The evolution of injury in normal and Pkd1 deficient kidneys

a) After injury, the renal epithelium can regenerate the damaged and lost tissue. This phase is characterised by the
dedifferentiation and proliferation of epithelial cells, as well as the recruitment of leucocytes and the activation
of fibroblasts in myofibroblasts. When all these processes work harmoniously, the tissue is restored and the
injury resolved. The infiltrating macrophages undergo an M1-like to M2-like switch and help in the resolution
of the inflammatory response and renal growth. However, in case of severe damage or chronic activation of the
inflammatory signalling, it is possible to have maladaptive repair. Proliferating cells may arrest in G2/M phase and
start to produce pro-inflammatory and pro-fibrotic molecules that fuel a chronic inflammation with progressive
collagen deposition and loss of the normal parenchymal structure, leading to chronic kidney disease (CKD). b) After
injury, Pkd1 deficient kidneys can repair the tissue damage or can develop cysts, depending on how intense the
injury insult was, and/or the genetic makeup of the organism. However, even in case of tissue repair, Pkd1 deficient
kidneys show aberrant repair with altered cell polarity and cell differentiation, providing a potential explanation for
the increased speed of cyst formation observed after injury.
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3.1 Injury-repair and fibrosis

3.1.1 Renal injury

Repair after renal injury relies on the surviving epithelial cells, which can dedifferentiate
to be able to spread and migrate to cover exposed tubular tracts and to proliferate in
order to restore the integrity of the tissue. Indeed, injured kidneys are strongly positive for
proliferation markers such as Ki67 and proliferative cell nuclear antigen (PCNA)?*2°, Once
the integrity of the tubules is restored, cells need to differentiate back into fully mature
epithelial cells to re-establish the proper function of the organ. It has been proposed
that laminin-integrin interactions might drive re-differentiation of the epithelium. In
particular, laminin-5 and o B -integrin expression are increased after ischemic kidney
injury®. Interestingly, laminin-5 expression is also increased in the ECM of ADPKD kidneys.
Stimulation with purified laminin-5 can activate the extracellular-signal-regulated kinase
(ERK) in traditional cell cultures and can stimulate proliferation and cyst formation in three-
dimensional cultures!. Moreover, a hypomorphic mutation in laminin-5 in mice causes cyst
formation, both in the cortex and medulla, showing that defects in ECM components are
sufficient to cause PKD32,

After renal injury, expression levels and activity of transforming growth factor-beta (TGF-B)
are increased and play a role in maintaining the injured tubule in a dedifferentiated state.
This is necessary for cell proliferation and repair of the tubule®. The TGF-B superfamily
of proteins comprises a group of highly conserved secreted morphogens, which regulate
a variety of developmental and homeostatic processes. Upon binding of the TGF-B
family members to their receptors, a series of phosphorylation events are triggered. The
signalling cascade ends up with the phosphorylation and subsequent activation of the
SMAD transcription factors, which translocate to the nucleus where they can drive gene
expression®. Thus, TGF-B can suppress the expression of epithelial markers and increase
the expression of mesenchymal markers, such as aSMA and vimentin, leading to partial
dedifferentiation, i.e. epithelial-to-mesenchymal transition (EMT). Although EMT is a
physiological event during renal development and useful adaptive response to injury,
sustained EMT can result in increased matrix deposition and cytokine production that
lead to CKD. Moreover, TGF-B can stimulate ECM deposition by acting directly on the
transcription of fibronectin, proteoglycans, collagens and integrins. At the same time, TGF-
antagonises matrix degradation by stimulating proteases inhibitors production®. In line with
these findings, several in vivo and in vitro experiments have shown that TGF-B might be the
mediator of AKI-to-CKD progression®®.

3.1.2 PKD
EMT and excessive ECM deposition are also characteristic features of ADPKD.

12
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Immunohistochemical analyses of human kidneys in advanced stages of ADPKD showed
increased aSMA* myofibroblast and interstitial fibrosis, loss of epithelial markers in favour
of mesenchymal ones in tubules, and increased TGF-B-SMAD signalling®. All these events
suggest that local injury and TGF-B regulated EMT might play a role in ADPKD progression.
Increased TGF-B and nuclear phospho-SMAD?2 staining are often observed in cyst-lining
epithelium and interstitial cells surrounding cysts, both in mice and humans32. Shear stress,
induced by fluid flow, on wildtype and Pkd1” tubular epithelial cell cultures activates the
TGF-B downstream targets SMAD2/3, which is prevented by administration of TGF-B-
neutralizing antibodies and by inhibitors of the TGF-B-binding type-I-receptor ALKS (activin
receptor-like kinase 5). This indicates that autocrine TGF- signalling is activated upon shear
stress in renal epithelial cells***!. This response was higher in Pkd1” cells because of more
TGF-B-production. In addition, it has been shown that TGF-B can restrict cystogenesis in a
three-dimensional culture of both murine and human cells**“3. However, in mice, conditional
ablation of Alk5 together with Pkd1 in renal epithelium did not result in amelioration of PKD
progression, while sequestering of activin A and B, other members of the TGF-f family, via
administration of the soluble activin receptor 1B, lead to amelioration of PKD progression in
three different mouse models*. Paracrine effects on interstitial cells, rather than autocrine
effects might be critical in PKD, and it seems that there is context-dependent effect of TGF-
family members. Indeed, it is known that TGF-B can both inhibit and promote cell growth,
drive differentiation but also dedifferentiation of cells, and can be helpful in injury but can
also be the major driver of fibrosis. Although the signalling process is essentially the same,
the context, cell types and the cofactors involved shape the outcome of the signalling®.
Hence, further studies to investigate the role and the possible use of TGF-B as a therapeutic
target in ADPKD are needed.

The cells mostly responsible for ECM deposition, are myofibroblasts. Myofibroblasts can
originate from different precursor cells, but the most important seem to be renal fibroblasts,
resident macrophages and other cells of hematopoietic origin that migrate into the kidney*.
These cellular transitions, together with direct injury-induced damage to the vasculature, can
contribute to the loss of capillaries surrounding the renal tubules resulting in local hypoxia,
a known driver of fibrotic response in CKD*. In ADPKD, cyst formation and expansion is
associated with altered vascular architecture. In particular, peritubular microvasculature
shows signs of regression of larger capillaries together with flattened arterioles and atresic
venules. At the same time, cysts are surrounded by a dense but disorganised capillary
network, which forms a sort of “vascular capsule”¥’. The observed vascular alteration can
be the result of expanding cysts, exerting mechanical compression of intrarenal vasculature
and impairing its function. This could also be directly related to reduced expression of the
polycystins in the vasculature where they have crucial roles in mechanosensation, fluid-
shear stress sensing, signalling and maintaining structural integrity**>2. Regardless of
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the primary mechanism, a final common outcome is the development of local hypoxia,
which in turn induces expression of hypoxia-inducible factor-1 alpha (HIF-1a) in the cystic
epithelium, and HIF-2a in interstitial cells®® (Figure 3). Particularly, HIF-1a seems to have a
central role in cyst growth in vivo, because deletion of Hif1a in a conditional kidney-specific
Pkd1 mutant mouse model was able to reduce fibrosis and improve PKD progression®.
Additionally, gene expression studies of renal cells from cystic human and murine kidneys
found a consistent hypoxia gene expression profile suggesting that hypoxia has an important
role in ADPKD progression®®. In fact, on one hand, hypoxia in ADPKD contributes to the
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Figure 3. Effect of cyst expansion on the surrounding tissues

Cyst expansion causes mechanical stress to the surrounding tissue and vessels. As a result, injury-related mechanisms
are activated, and cytokines and growth factors are secreted in the renal tubules and the surrounding interstitium.
TGF-B secretion drives tubular cell dedifferentiation, recruitment of infiltrating cells to the cyst site, and activation
of aSMA* myofibroblasts with increased extracellular matrix deposition. M2-like macrophages accumulate around
the cysts where they secrete anti-inflammatory and pro-fibrotic molecules that stimulate tubular cells proliferation
and myofibroblasts activation. Pro-inflammatory stimuli and accumulation of fibrosis lead to pericyte dissociation
resulting in microvasculature rarefaction and local hypoxia, which exacerbates the fibrotic response. Inflammatory
cytokines, such as TNF-a, IL-1B and INF-y, as well as the deletion of PC1, activate two major inflammatory pathways
in renal epithelial cells: NF-kB and JAK-STAT. As a result, pro-inflammatory molecules are produced and released,
attracting and activating even more infiltrating cells, which aggravate the local injury and ultimately contribute to
cyst progression.
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hypervascularisation of cysts, increasing the cysts’ nutrient intake, which is necessary to
sustain their growth. On the other hand, it contributes to interstitial fibrosis by driving pro-
fibrotic responses, ultimately leading to organ failure and contributing to ADPKD progression.

3.2 Inflammation

3.2.1 Renal injury

Following renal injury, both innate and adaptive immune responses intervene to respond
to the tissue damage. Injured tubular epithelial cells release pro-inflammatory cytokines
and chemokines, growth factors and adhesion molecules, such as interleukin-1 (IL-1),
tumour necrosis factor-alpha (TNF-a), monocyte chemoattractant protein-1 (MCP-1) and
TGF-B, which help with the recruitment and activation of immune cells®. This early pro-
inflammatory response is crucial to clear the tissue from dead cells and cellular debris. At
the same time, immune cells also secrete chemoattractant cytokines and growth factors in
a self-perpetuating feedback loop that recruits and activates surrounding cells, stimulates
angiogenesis and contributes further to the injury response. Two important pathways
activated by this response are the nuclear factor-kB (NF-kB) pathway and the Janus kinase
(JAK)-signal transducer and activator of transcription (STAT) pathway. The NF-kB pathway
is activated by the pro-inflammatory cytokines secreted after injury (e.g., TNF-a, MCP-1),
which bind to their specific ligands on the tubular cells resulting in the phosphorylation of
the NF-kB inhibitor, IkB, and subsequent nuclear translocation of NF-kB complex®®. Also JAK-
STAT pathway is activated by pro-inflammatory cytokines (e.g., IL-6 and interferon-gamma/
INF-y), which activate JAK that in turn, activates STAT proteins leading to their translocation
into the nucleus®. The final effect of the activation of these two pathways is the transient
transcription of pro-inflammatory genes that encodes for cytokines and growth factors,
which sustain the recruitment of leucocytes to the site of injury. To counterbalance this
first inflammatory phase, infiltrating leucocytes can also secrete anti-inflammatory and pro-
fibrotic factors that lead to activation of myofibroblasts and ECM deposition. When these
processes occur harmoniously together, and in collaboration with tubular epithelial cells,
the injury can be successfully healed. Conversely, in case of persistent or extensive injury,
chronic activation of this pro-inflammatory response together with the chronic production of
anti-inflammatory and pro-fibrotic factors can result in a maladaptive repair and progressive
fibrotic renal disease®®.

3.2.2 PKD

ADPKD cannot be defined as an inflammatory disorder. However, renal histology analysis
of patients with ADPKD showed apparent interstitial inflammation and fibrosis in both
minimally and severely cystic kidneys®¥¢°. Also, pro-inflammatory molecules, such as TNF-q,
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MCP-1, osteopontin and IL-1B can be found in the urine and cyst fluid of human patients®:¢3,
Moreover, several studies described the accumulation of infiltrating inflammatory cells, such
as macrophages and T cells, in the renal interstitium and urine of ADPKD patients>*®*®* (Figure
3). Particularly, macrophages seem to have a key role in cyst progression. Transcriptome
analysis in the congenital polycystic kidney (cpk) mutant mice (non-orthologous mice with a
mutation in the Cys1 gene), which are a model of cystic renal disease, showed that the most
upregulated genes in the more progressive stages of disease were associated with the innate
immune system, and particularly with the alternative macrophage activation pathway (M2-
like macrophages)®. Furthermore, accumulation of M2-like macrophages around cyst was
observed in several orthologous animal models for ADPKD®”8, Interestingly, accumulation
of macrophages could already be observed at early stages and specifically around PC1 and
PC2 deficient tubules'>®. Depletion of macrophages leads to the reduction of cyst-lining cell
proliferation, lower cystic-index (percent of kidney occupied by cysts) and improved renal
function in different mouse models®” 8. Additionally, deletion of macrophage migration
inhibitory factor (Mif) or pharmacological inhibition of MIF, which is upregulated in cyst-
lining cells and is responsible for macrophage recruitment, resulted in reduced MCP-1-
dependent macrophage accumulation in the cystic kidneys and subsequent delay of cyst
growth in several PKD mouse models®. Since comparable results were observed in both
orthologous (with a Pkd1/2 mutant gene) and non-orthologous models (with mutations in
genes other than Pkd1/2), it is plausible that M2-like macrophages have a common role
in cyst development regardless of the genetic mutation that is causing it. Indeed, M2-like
macrophages are able to stimulate tubular cells proliferation after injury, promoting tissue
repair’®. However, in vitro M2-like macrophages stimulated formation and proliferation of
microcysts, and in vivo they might have increased the tubular proliferation observed after
injury in a model of adult-induced cyst formation® 7!, These results imply that M2-like
macrophages in PKD have a detrimental role more than a protective one; thus, therapies
that can target specifically this population in ADPKD patients might be beneficial.

3.2.2.1 Inflammatory cytokines

Among all the different inflammatory cytokines, TNF-a seems to have a particularly relevant
role in cyst formation. High levels of TNF-a are found in cysts’ fluids of ADPKD patients, and
gene expression is increased in murine cystic kidneys, where it positively correlates with age
and cyst size®7%73, In vitro, stimulation of inner medullary collecting duct cells with TNF-a
was accompanied with the altered subcellular localisation of PC2 and disruption of PC1-PC2
interaction. Moreover, both wild-type and Pkd2*- embryonic kidney explants treated with
TNF-a developed several cyst-like structures. In vivo, intraperitoneal injections of TNF-a
increased the incidence of cyst formation in Pkd2*- mice of 8.5 weeks of age. Additionally,
also TNF-a receptor -l and -Il, and TNF-a converting enzyme (TACE) are enriched in human
ADPKD cyst fluids, where they contribute to accumulation and stabilisation of bioactive
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TNF-a’*7, In fact, inhibition of TACE in bpk mice (non-orthologous model with mutation in
the Bicc1 gene) resulted in amelioration of PKD’®.

Another important inflammatory chemokine in ADPKD progression is MCP-1. MCP-1 is a
pro-inflammatory cytokine that attracts monocytes at the site of injury’’. Expression and
urinary excretion of MCP-1 is increased already at early stages of the disease in rodent PKD
models and human ADPKD patients®>%%78, Particularly, analysis of the urinary MCP-1 (uMCP-
1) in patients from the TEMPO 3:4 trial, showed that uMCP-1 correlated with renal function
and that tolvaptan treatment was able to reduce uMCP-1 levels™. Recently, Cassini et al.
demonstrated that Mcp-1 expression is increased after Pkd1/2 deletion already in pre-cystic
kidneys and prior to macrophage infiltration®. Increased MCP-1 levels led to the recruitment
of pro-inflammatory macrophages (M1-like macrophages), which caused direct damage to
tubules. Subsequently, these macrophages differentiated to M2-like macrophages, which
stimulate tubules proliferation and cyst growth®. Genetic deletion of Mcp-1 together
with Pkd1, as well as administration of an MCP-1 receptor inhibitor, reduced macrophage
infiltration, cyst growth and improved renal function and survival®. Therefore, targeting
macrophage recruitment and activation might be a promising therapeutic approach in
ADPKD. However, administration of an inhibitor of MCP-1 synthesis in a non-orthologous
model of PKD in rats was able to reduce interstitial inflammation but did not affect cyst
formation, questioning the importance of the MCP-1-recruited inflammatory infiltrates in
cysts initiation®?.

3.2.2.2 Inflammatory cytokine related signalling pathways

The major inflammatory pathways activated in PKD are NF-kB and JAK-STAT. NF-kB complex
proteins are regulators of transcription of several genes among which inflammatory genes
like TNF-a, IL-13 and MCP-182. Increased NF-kB activity has been described in several rodent
models for PKD and human ADPKD®#>, Particularly, the expression of NF-kB proteins was
described specifically in cyst-lining cells from early stages until more progressive ones both
in human and rodent PKD model®. Interestingly, in vitro activation of NF-kB was observed
following overexpression or depletion of Pkd1l or Pkhd1, suggesting that upregulation of
the NF-kB pathway might be an early feature of ADPKD®2%#7, Comparison of transcription
profiles of AKI with those of rapidly progressive cystic kidneys revealed an extensive overlap
of genes between injury and cyst progression, with the most enriched being NF-kB targets?*,
In agreement with these findings, NF-kB pathway inhibition using anti-inflammatory
compounds successfully ameliorated PKD progression in animal models, indicating that NF-
KB is a viable target for therapy®®®°°l. However, more studies are needed to characterise
the role of this pathway in inflammation in the context of ADPKD. Another link between
inflammation and ADPKD is the JAK-STAT pathway. After an injury in normal cells, changes
in fluid flow lead to proteolytic cleavage of the C-terminal tail of PC1, which is released
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from the membrane and can translocate to the nucleus’. Here, PC1 tail can interact with
JAK-activated STATs and other transcriptional coactivators (e.g., EBNA2 coactivator P100
and STAT6), participating in gene regulation and transient activation of pro-inflammatory
cytokines and chemokines, which in turn recruit leucocyte to the injured tubules®%2, These
findings suggest that PC1 regulation of STATs plays an important role in the transduction of
mechanical stimuli from the cilia to the nucleus. Thus, in ADPKD local injury or defective ciliary
signalling related to PC1/2 mutations interfere with the normal cilia-to-nucleus transduction
and leads to persistent activation of JAK-STAT signalling. As a consequence, the production
of pro-inflammatory and pro-fibrotic mediators is increased, ultimately contributing to
driving cyst progression. Indeed, STAT3 and STAT6 have been described by several groups
to be activated in cyst-lining cells in different PKD mouse models, and inhibition of STAT3 or
STAT6 was able to ameliorate the cystic phenotype®®. Consistent with these results, gene
expression profiling in human and mouse cystic kidneys found JAK-STAT pathway and NF-
KB pathway among the highest upregulated signalling pathways?**>. Thus, inhibition of the
inflammatory response via modulation of NF-kB and/or JAK-STAT pathways seems to be a
promising therapeutic strategy in PKD.

3.3 Growth factors

3.3.1 Renal injury

Recovery from renal injury requires that the damaged tubular cells are replaced with new
ones ensuring that the structure and function of the nephrons are restored. For this purpose,
the cells that participate in the repair process produce growth factors (GFs), which modulate
metabolism, proliferation and differentiation, and allow the tissue to adapt to the injury and
finally resolve it. Indeed, there are several lines of evidence showing that administration of
epidermal growth factor (EGF), insulin-like growth factor (IGF) and hepatocyte growth factor
(HGF) ameliorate the outcome of acute kidney injury, although for some of the GFs the
evidence are still controversial®’1°. Nevertheless, once the injury is repaired, these stimuli
should stop. In the case of maladaptive repair, persistent and/or aberrant expression of GFs
can lead to the development of fibrosis. Several other GFs have been implicated in fibrosis
and CKD progression, i.e. TGF-B1, TGF-a, connective tissue growth factor (CTGF), vascular
endothelial growth factor (VEGF), platelet-derived growth factor (PDGF) and fibroblast
growth factor (FGF)3102:105,

3.3.2 PKD

Several of these GFs are also upregulated in ADPKD. Probably the best described are TGF-B1,
which we already covered in a previous paragraph, and EGF (Figure 4). EGF and EGF family
ligands (e.g., TGF-a and heparin-binding EGF/HB-EGF) play an important role in renal cyst
expansion. This is based on the fact that cystic epithelial cells have higher expression of
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EGF, TGF-a and HB-EGF!®%7  Transgenic overexpression of Tgf-a in mice resulted in cyst
formation and accelerated PKD progression in pcy mice (non-orthologous model with
mutation in the Nphp3 gene)'®1%, Moreover, these ligands are found abundantly in cyst
fluid of ADPKD patients, and stimulation of cultured epithelial cells with cysts fluid promotes
cyst formation and expansion in vitro'®°. Interestingly, cystic epithelial cells isolated from
ADPKD patients are more responsive to the proliferative stimulus of EGF''!. Additionally,
the EGF family ligands receptors (EGFR) are expressed at the basal side of normal adult
tubular epithelial cells, while in ADPKD kidneys, they are also localised on the apical
side!'?13, As a consequence, the cystic epithelium establishes an autocrine loop where EGF
is synthesised, released into the cyst lumen and utilised by the same cyst-lining epithelial
cells, thereby driving their proliferation and cyst expansion. Further evidence is provided
by in vivo experiments. Orpk mice (non-orthologous model with a mutation in Tg737 gene)
with an EGFR mutation that results in reduced EGFR tyrosine kinase activity showed a
significant reduction of collecting tubular cysts compared to mice without this mutation.
These findings paved the road to therapies that target the tyrosine kinase activity of the
EGFR to ameliorate PKD progression'!*, Indeed, treatment with an inhibitor of EGFR tyrosine
activity in Han:SPRD-Cy/+ rats (a non-orthologous model with a mutation in Anksé6 gene), or
combination treatment of an EGFR inhibitor together with the reduction of TGF-a in a mouse
model of ARPKD (Autosomal Recessive PKD), were successful in reducing cyst formation and
increasing survival'>!%. However, these molecules affect not only the cystic epithelium but
all the proliferating epithelia with broad adverse effects, which are not compatible with the
life-long treatment necessary in ADPKD where tolerability is a major concern.

Also, other GFs, including IGF1, HGF, VEGF, PDGF, FGF and CTGF have been described to
be involved in ADPKD. Increased gene expression of IGF1 and other IGF family members
is observed in murine and human renal cysts and is associated with hyperproliferation
of Pkd1 mutant cystic cells®>*'’. HGF and its receptor, the tyrosine kinase receptor c-Met,
are overexpressed in cyst-lining epithelial cells in human ADPKD, and levels of HGF are
increased in proximal cysts fluid*®. In vitro, Pkd1” cells showed defective ubiquitination of
c-Met after HGF stimulation with a subsequent c-Met-dependent increase of the PI3K/Akt/
mTOR signalling pathway''®. This suggests that, as for IGF-1, also HGF and its receptor may
contribute to epithelial cystic cells growth in an autocrine manner.

For other GFs, the effect is a bit broader and also extends to the interstitial cells. VEGF is an
angiogenic cytokine that plays pivotal roles in the maintenance of the vascular networks. In
rodent and human kidneys, VEGF is lowly expressed in the epithelium of the glomerulus and
in collecting ducts?®'?1, On the contrary, in ADPKD VEGF and VEGF receptor-1 are expressed
in some of the cysts and dilated tubules epithelial cells, which are also able to secrete VEGF
when grown in vitro*'?2, Consistently, increased levels of VEGF are detected in serum and
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cystic fluids of Cy/+ rats'?!. Overexpression of VEGF in mice using a transgenic mouse model
(Pax8-rtTA/(tetO),VEGF) resulted in dose-dependent cyst formation and activation and
proliferation of interstitial fibroblasts!®2. However, epithelial cells-secreted VEGF acts also
in an autocrine fashion on cell proliferation. In fact, administration of ribozymes targeting
mRNA of VEGF receptor 1 and 2 reduced the expression of the receptors in tubular cells with
subsequent inhibition of proliferation of cystic epithelial cells!?'. Additionally, administration
of VEGFC, a member of VEGF family normally downregulated in PKD, to Pkd1"™ mice led
to the normalisation of the pericystic vascular vessels, reduction of M2-like macrophages
infiltration and, in Cys1®¥<* mice, increase in life span*. Altogether, these results suggest
that tubular cells in ADPKD aberrantly express VEGF, which in turn stimulates tubular cells,

() Proliferation
and
activation

Growth factor
receptors

Proliferation

Figure 4. Growth factors (GFs) affecting cyst progression

After injury, secretion of GFs helps to replace the damaged tubular cells. In ADPKD, GFs are produced and secreted
in the lumen of the tubules. For example, EGF and other EGF family ligands are overexpressed in cystic epithelial
cells and accumulate in the cystic fluids. At the same time, EGF receptors are mislocalised at the apical side of
cells in the cystic epithelium. As a result, EGF secreted in the lumen of the cysts can interact with its receptor
establishing an autocrine and paracrine loop that drives proliferation and cyst expansion. Another well-known
GF in PKD is TGF-B. Cystic epithelial cells often show increased TGFB expression and nuclear phopspho-SMAD2
staining. TGFB promotes dedifferentiation of epithelial cells into a more mesenchymal type, as well as ECM
deposition and activation of myofibroblasts, contributing to the cystic phenotype. Some GFs like CTGF, but also
PDGF and FGF, can be secreted in the interstitial space surrounding the cysts. Here, they can stimulate resident
fibroblasts to differentiate into active myofibroblasts, but also sustain myofibroblasts proliferation and activation,
with a subsequent extracellular matrix deposition, further contributing to cysts growth.
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interstitial fibroblasts and endothelial cells, contributing to disease progression. Thus,
targeting VEGF signalling cascade in PKD seems to be a viable therapeutic option. However,
treatment of Cy/+ rats with an anti-VEGF-A antibody led to exacerbation of the cystic disease
and severe kidney injury, highlighting the need for more studies to better characterise the
role of the different VEGF molecules and their receptors in kidney injury and cyst growth?,

Other GFs involved in ADPKD, such as PDGF, FGF and CTGF, showed an effect mainly on
interstitial cells (Figure 4). PDGF expression, especially PDGF-B, was found in cyst-lining
epithelial cells using immunohistochemistry in a human ADPKD kidney***. However, PDGF
did not show a mitogenic effect on epithelial cells in vitro but was able to stimulate the
proliferation of ADPKD-derived fibroblasts in vitro more effectively than with healthy-
derived fibroblasts®. A similar effect was observed upon FGF stimulation, which caused
ADPKD-derived fibroblasts to proliferate more, produce and release more FGF and elicit
a more consistent and lasting tyrosine phosphorylation signalling cascade compared to
normal renal fibroblasts!?. CTGF is most known for its role as a driver of interstitial fibrosis
mediating, at least in part, the TGF-B pro-fibrotic program!?. In normal kidneys, it is
expressed mainly in the glomerulus, but in injured tubules and cystic kidneys, its expression
is increased particularly at more advanced stages of the disease, in areas of focal fibrosis
and in interstitial cells surrounding the cystic epithelium!*%, |n addition to its role in renal
fibrosis, CTGF can also participate in the recruitment of inflammatory cells by activating the
NF-kB pathway®3%. Thus, CTGF is a common factor in renal fibrosis, both in injury and ADPKD,
and might contribute to the progression of the cystic disease towards the end-stage. Anti-
CTGF therapies using a human monoclonal antibody that targets CTGF have successfully
improved fibrosis in several animal models and have been tested in clinical trials for
pulmonary fibrosis, pancreatic cancer and diabetic kidney disease without notable adverse
effects'?”. No data is available about a possible effect on PKD progression, but based on its
positive effect on fibrosis and good tolerability, it is plausible to think that anti-CTGF drugs
might be a useful adjuvant therapy in ADPKD.

Overall, GFs secreted by cystic tubular epithelial cells trigger surrounding epithelial and
interstitial cells to produce proliferative and profibrotic factors, which regulate cyst growth

and interstitial fibrosis observed in ADPKD progression.

3.4 Reactivation of developmental pathways

Gene expression analysis of human and rodent kidneys after injury and during CKD compared
to healthy control kidneys unveiled aberrant expression of genes that belong to the Notch,
wingless-related integration site (Wnt), hedgehog (Hh) and Hippo pathways!2134 Although
these evolutionarily conserved pathways are regulated and signal through different
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routes, they have in common a role in renal development, and illustrate the reactivation
of developmental pathways in the injury-repair response®**>. However, prolonged
activation of these developmental pathways due to chronic or repetitive injury may lead
to a maladaptive response and CKD!3137, Also in ADPKD, gene expression analysis found
signs of cell dedifferentiation and upregulation of developmental and mitogenic signalling
pathways®. As observed after injury, genes belonging to Notch, Wnt, Hh and Hippo pathways
are upregulated in ADPKD, in line with the idea that injury-repair and ADPKD progression
share common molecular mechanisms®.

3.4.1 Notch signalling pathway

3.4.1.1 Renal injury

Notch pathway controls cell proliferation, differentiation and cell fate'*®. During renal
development, Notch2 downregulates Six2, a transcription factor expressed in nephron
progenitor cells, by suppressing its upstream regulator, Pax2. This leads to the reduction of
the progenitor pools in favour of the differentiation of proximal tubular cells!3%4°, Persistent
activation of Notch signalling is associated with kidney fibrosis, which is ameliorated with
the administration of Notch inhibitors®*. Interestingly, a well-characterized Notch signalling
partner is TGF-B, a known driver of fibrosis. Indeed, TGF-B can directly regulate downstream
targets of Notch, and the targets Hes and Hey, and can induce the expression of Notch
ligand Jag1. At the same time, the increased level of Notch can stimulate TGF-f expression,
creating a positive-feedback loop that sustains renal fibrosis!33142143,

3.4.1.2 PKD

Notch signalling genes are enriched in ADPKD, in line with the dedifferentiation and increased
proliferation of tubular epithelial cells**1%. Protein expression analysis of Notch signalling
components in mouse and human ADPKD kidneys revealed increased expression in cysts
lining epithelium. Particularly, Notch3 activation was increased, and in vitro inhibition of
Notch resulted in reduced proliferation and cyst formation in 3D culture of primary human
ADPKD cells®. Thus, modulation of Notch signalling may be an interesting therapeutic
approach to prevent fibrosis and cyst growth. However, there is evidence showing that
reduction of Notch signalling during nephrogenesis leads to proximal tubular cysts due to
loss of oriented cell division, suggesting that the effect of this pathway on cyst progression
might be more complex**.

3.4.2 Wnt signalling

3.4.2.1 Renal injury
Wnt signalling pathways regulate a range of cellular processes including proliferation,
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migration and polarity, thereby contributing to organ homeostasis. They are normally
classified in canonical, which involves activation and nuclear translocation of B-catenin, and
noncanonical, which is B-catenin-independent and includes the Wnt/planar cell polarity
(PCP) route. In kidney morphogenesis, Wnt orchestrates the mesenchyme-to-epithelial
transition necessary for nephrogenesis!¥’. The involvement of aberrantly activated canonical
Wnt pathway with renal fibrosis has been extensively shown in different injury animal
model, as reviewed elsewhere*,

3.4.2.2 PKD

In the context of ADPKD, transgenic mice with increased [B-catenin activation present
with renal cyst development'®?**1, Moreover, PC1 interacts with B-catenin at the plasma
membrane, at cell-cell contacts and in the nucleus, suggesting that PC1 may have an
important regulatory role on Wnt signalling®?%152, Once this regulation is lost, for example
due to Pkd1 mutation, the resulting aberrant Wnt pathway activation might contribute to
cyst formation. Indeed, one of the major downstream targets of the Wnt signalling, c-MYC, is
upregulated in ADPKD, especially in the cystic tubular epithelium®2. Specific overexpression
of ¢c-Myc in renal epithelial cells mimicked human ADPKD, and both direct and indirect
inhibition of c-Myc in vivo resulted in amelioration of the cystic phenotype, placing this
protein in a central position in PKD progression®®. Interestingly, renal injury caused by
ischemia-reperfusion (IRl) was associated with activation of Wnt signalling and increase in
c-Myc expression both in transgenic Pkd1 mice and non-transgenic control mice, in line with
the idea that injury activates pathways involved in PKD progression?2.

Also noncanonical Wnt signalling has been implicated in cyst formation, in particular, the
PCP route. PCP orchestrate cell polarity within the plane of epithelial cells and is essential
to establish proper cell function and organ architecture®. Alteration of oriented cell
division (OCD) has been associated with cyst formation!®*>>, However, a recent publication
demonstrated that, although altered OCD is a feature of expanding cysts, it is not sufficient
nor necessary for cyst initiation after Pkd1/2 mutation, thus challenging the role of PCP in
cyst formation™®. In chapter 2, we investigate the role of Four-jointed box-1, a component
of the PCP route.

3.4.3 Hh signalling pathway

3.4.3.1 Renal injury

The Hh signalling pathway controls embryonic development and tissue homeostasis.
Deregulation of this pathway during kidney morphogenesis is associated with severe
malformations, indicating that Hh signalling plays a critical role in this process®™. In
mammals, there are three Hh homologous. One of them, sonic hedgehog (Shh) is induced
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early after renal injury in tubular epithelial cells and has been implicated in the pathogenesis
of fibrosis and CKD by acting on interstitial fibroblasts leading to their activation and ECM
deposition. Moreover, Hh signalling pathway can interact and cooperate with other key
pathways known to be drivers of fibrosis, such as TGF-B, canonical Wnt and Notch?!361%8,

3.4.3.2 PKD

The connection between Hh signalling and ADPKD is complex and mainly via cilia-dependent
signalling. Mutations in ciliary genes lead to cystic renal disease, but also aberrant Hh
signalling®®%161, Also, the loss of a functional component of the Hh pathway, Glis2, resulted
in the development of nephronophthisis in human and mice!®?. In the context of PKD,
downregulation of Hh signalling is accompanied by reduced proliferation and cyst formation
in Pkd1 mutant mice and human primary ADPKD cell cultures?®®, However, a recent study
using a conditional mouse model lacking Pkd1 in combination with three Hh signalling
members (Smo, Gli2 and Gli3) demonstrated that Hh pathway is not required for cyst
formation in mouse models of developmental or adult-onset of ADPKD'®. Thus, it seems
that the Hh pathway does not have a causative role for the disease in vivo, but it might
contribute to disease progression due to its effect on renal fibrosis.

3.4.4 Hippo signalling pathway

3.4.4.1 Renal injury

The Hippo pathway regulates tissue growth and development. Unlike the pathways
mentioned above, which are activated by the binding of specific ligands, a diversity of
upstream Hippo pathway regulators have been identified. Identified upstream signals
include cell polarity, cell junctions, cytoskeleton, mechanical forces, GPCR ligands and stress
signals’®. The core components of the Hippo pathway are a group of kinases (mammalian
Ste20 like kinases 1/2 or MST1/2 and large tumour suppressor 1/2 or LTS1/2), which are
responsible for the phosphorylation of the final effectors Yes-associated protein (YAP)
and transcriptional coactivator with PDZ-binding motif (TAZ). When the Hippo pathway is
activated, YAP and TAZ are phosphorylated and restrained into the cytoplasm; when the
Hippo pathway is inactive, YAP and TAZ are unphosphorylated and can translocate to the
nucleus where they can bind with a series of transcription factors, such as TEAD 1-4 but
also SMADs and B-catenin, and regulate the transcription of a wide range of genes involved
in cell proliferation, apoptosis and migration®”1%, |n renal development, mutations of the
core kinases or the final effector YAP, lead to disruption of nephrogenesis'®*7°, Interestingly,
deletion of the orthologous protein TAZ in a developmental mouse model does not impair
nephrogenesis but results in renal cyst formation. This indicates that these two proteins,
although having largely redundant functions, also have distinct roles'’*. In kidney injury,
nuclear accumulation of YAP and TAZ is observed in both in epithelial and interstitial cells in
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several models of injury. In particular, Yap expression is observed in dedifferentiated tubular
cells in AKI-to-CKD transition, confirming that the Hippo pathway has a role in injury-repair
mechanism**’. Moreover, after injury, ECM production causes the tissue stiffness to increase,
providing the driving cue for fibroblast TGF-$ activation. The mechanosensitive response to
TGF-B-induced activation of renal fibroblasts is mediated by YAP/TAZ, which interact with
SMAD?2/3, translocate to the nucleus and drive transcription of profibrotic genes’2.

3.4.4.2 PKD

Increased nuclear localisation of YAP and TAZ has been described in several diseases, among
which ADPKD and nephronophthisis'?®'’3, Moreover, zebrafish mutant for Pkd2 and Scrib,
a member of the SCRIB complex involved in the establishment and maintenance of cell
polarity, showed increased nuclear YAP. Interestingly, expression of cytoplasmic but not
nuclear YAP could rescue the phenotype, suggesting that cytoplasmic YAP has a role in
the suppression of cyst formation?’*. Knock-out of Yap in a Pkd1 mutant mouse model was
able to reduce PKD progression mildly, and the effect was even increased by concomitant
knock-out of Taz. In particular, YAP target, c-MYC, was found to critically contribute to kidney
cystogenesis, implicating the Hippo pathway in the pathogenesis of PKD'>. Interestingly,
expression of Ctgf, a known YAP/TAZ target'’®, which is also induced by TGF-B*?’, was
increased in Pkd1 mutant mice but only in those presenting clear signs of fibrosis, suggesting
that a certain level of signal crosstalk between TGF-B and Hippo pathways is occurring in
the PKD context as well'?. For its role in modulating cell proliferation and cell migration and
fibrosis, Hippo pathway regulation has been proposed as a possible strategy to ameliorate
ADPKD progression by acting on two major aspects of the disease. However, administration
of YAP-specific antisense oligonucleotides (ASOs) in adult Pkd1 mutant mouse model did
not result in a reduction of cyst growth (data presented in chapter 3). Such results, together
with the cystic effect of TAZ deletion in a developmental mouse model, suggest that the
role of these proteins and the effect of targeting them in PKD is complex and need further
characterisation®’*.

3.5 Transcription factors (TFs) and epigenetics in renal injury and PKD

Injury-repair is a complex mechanism that involves several cell types and requires the
modulation of a plethora of signalling pathways. Thus, a perfect time- and space-regulated
transcription program is paramount for the good outcome of the tissue injury response.
For this reason, a series of transcription factors (TFs) and epigenetic changes intervene
to orchestrate all the different steps we discussed above, which ultimately lead to organ
repair'’’. Altered TFs expression or epigenetic regulation can interfere with injury-repair and
lead to CKD'”® and orchestrate and modulate signalling in PKD.
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Gene expression analysis in ADPKD revealed dysregulation of TFs, many of which are
involved in key processes of kidney development. Interestingly, from a meta-analysis study
that identified a set of 1515 genes dysregulated in PKD emerged that 92 of them are TFs, and
that about 35% of the identified TFs are known to be involved in injury-repair mechanisms
(further shown in chapter 5). Mutations in Pkd1 are also associated with other epigenetic
changes, such as increased expression of DNA methyltransferases (DNMTs), histone
deacetylases (HDACs) and bromodomain proteins!’®. For example, SET and MYND domain 2
(SMYD2) protein is a lysine methyltransferase upregulated in PKD. Inhibition of SMYD2 was
able to delay cysts growth via interfering with SMYD2-dependent activation of STAT3 and the
p65 subunit of NF-kB!®, Treatment with HDACs inhibitors has also been proven effective in
delaying cyst growth and preserving renal function in several Pkd1/2 mutant mouse models,
pointing to epigenetic modifiers drugs as promising candidates for PKD treatment®-18¢,
Moreover, epigenetic changes such as hypomethylation of the Pkd1 gene-body have been
described in cystic tissues from ADPKD patients®”!8, These modifications can interfere with
the normal expression of Pkd1 and might be responsible for disease progression.

4. Conclusions

Altogether, the current knowledge suggests that injury-repair mechanisms are part of ADPKD
progression. The two events are so intertwined that it is difficult to dissect them. Indeed,
injury can cause or accelerate cyst formation, but at the same time, cyst enlargement is a
source of local injury, establishing an injury-like cyst milieu that exacerbates renal function
decline. Further investigations are required to be able to separate a direct effect of the
polycystins on the cyst initiating dysfunctional molecular mechanisms, from the secondary
effects of disease progression and cyst expansion.

5. Aim and outline of the thesis

There is a consistent body of literature that describes the strong connections between the
injury-repair mechanisms and ADPKD progression. The scope of this thesis is to identify and
investigate molecular pathways involved in injury-repair and ADPKD progression to better
characterise the steps in disease progression, and provide new cues for future studies and
therapeutic approaches.

In chapter 2, we investigate the role of Four-jointed box protein 1 (FJX1) in injury and ADPKD
progression. FJX1 is a Golgi kinase implicated in the regulation of two important dysregulated
pathways in ADPKD: planar cell polarity (PCP) and Hippo signalling. In a previous study
performed in our group, FJX1 was found aberrantly expressed during both the injury-repair
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phase and PKD progression in mice, suggesting a possible role for FJX1 in cyst formation and
progression. Specifically, we investigated if genetic deletion of FIX1 might influence PCP or
Hippo pathway regulation, and result in a modification of the normal PKD progression. We
did not find any evidence for differential regulation of PCP or Hippo pathway. However, we
observed an effect of FIX1 on fibrosis and cellular infiltrates.

In chapter 3, we investigate further the role of the Hippo pathway in PKD progression.
Hippo pathway is a highly conserved signalling pathway that regulates organ size. Several
of the molecular mechanism modulated by Hippo pathways are also central to cyst growth.
Indeed, in a previous study, we observed increased expression of one of the downstream
effectors of the Hippo pathway, YAP, in the nucleus of the cystic epithelium. Therefore, in
chapter 3 we hypothesise that reducing YAP level in Pkdl KO mice might ameliorate the
cystic phenotype. We decided to take an approach based on antisense oligonucleotides
(ASO) that target specifically YAP transcripts leading to a significant reduction of expression
in the kidneys. We found no effect on cyst progression. We also investigated the effect of
Yap or Taz knock-out on cyst formation in vitro using a 3D cyst assay.

In chapter 4, we use a combined approach based on RNAseq analysis of in house generated
Pkd1-mutant mouse model and a meta-analysis of publicly available PKD expression profile
to identify a list of genes normally dysregulated in PKD. Moreover, we investigated the link
between PKD progression and injury-repair mechanisms. Finally, we employed different
Pkd1-mutant mice, with or without toxic renal injury, to validate the findings.

In chapter 5, we elaborate on the work presented in chapter 4 using computational analysis.
We primarily focus on the transcription factors (TFs) altered during both PKD progression
and injury-repair. We validated our computational analysis with wet-lab experiments,
including qPCR, immunohistochemistry, and chromatin immunoprecipitation.

Lastly, a general overview of the results described in the previous chapters and suggestions
for future research are discussed in chapter 6.

27




CHAPTER 1

References

10

11

12

13

14

15

16

17

28

Willey, C. J. et al. Prevalence of autosomal dominant polycystic kidney disease in the European Union.
Nephrol Dial Transplant 32, 1356-1363, doi:10.1093/ndt/gfw240 (2017).

Igarashi, P. Genetics and Pathogenesis of Polycystic Kidney Disease. Journal of the American Society of
Nephrology 13, 2384-2398, d0i:10.1097/01.asn.0000028643.17901.42 (2002).

Takiar, V. & Caplan, M. J. Polycystic kidney disease: pathogenesis and potential therapies. Biochim
Biophys Acta 1812, 1337-1343, d0i:10.1016/j.bbadis.2010.11.014 (2011).

Fedeles, S. V., Gallagher, A. R. & Somlo, S. Polycystin-1: a master regulator of intersecting cystic pathways.
Trends Mol Med 20, 251-260, doi:10.1016/j.molmed.2014.01.004 (2014).

Sutters, M. & Germino, G. G. Autosomal dominant polycystic kidney disease: molecular genetics and
pathophysiology. J Lab Clin Med 141, 91-101, doi:10.1067/mlc.2003.13 (2003).

Ong, A. C. & Harris, P. C. Molecular pathogenesis of ADPKD: the polycystin complex gets complex. Kidney
Int 67, 1234-1247, doi:10.1111/j.1523-1755.2005.00201.x (2005).

Chauvet, V. et al. Mechanical stimuli induce cleavage and nuclear translocation of the polycystin-1 C
terminus. J Clin Invest 114, 1433-1443, doi:10.1172/JCI21753 (2004).

Lal, M. et al. Polycystin-1 C-terminal tail associates with beta-catenin and inhibits canonical Wnt
signaling. Hum Mol Genet 17, 3105-3117, doi:10.1093/hmg/ddn208 (2008).

Low, S. H. et al. Polycystin-1, STAT6, and pathway that transduces P100 function in a ciliary
mechanosensation and is activated in polycystic kidney disease. Dev Cell 10, 57-69, doi:10.1016/j.
devcel.2005.12.005 (2006).

Talbot, J. J. et al. Polycystin-1 regulates STAT activity by a dual mechanism. Proc Natl Acad Sci U S A 108,
7985-7990, doi:10.1073/pnas.1103816108 (2011).

Happe, H. & Peters, D. J. Translational research in ADPKD: lessons from animal models. Nat Rev Nephrol
10, 587-601, doi:10.1038/nrneph.2014.137 (2014).

Leonhard, W. N., Happe, H. & Peters, D. J. Variable Cyst Development in Autosomal Dominant Polycystic
Kidney Disease: The Biologic Context. J Am Soc Nephrol 27, 3530-3538, doi:10.1681/ASN.2016040425
(2016).

Leonhard, W. N. et al. Scattered Deletion of PKD1 in Kidneys Causes a Cystic Snowball Effect and
Recapitulates Polycystic Kidney Disease. Journal of the American Society of Nephrology 26, 1322-1333,
doi:10.1681/Asn.2013080864 (2015).

Humpbhreys, B. D. et al. Intrinsic epithelial cells repair the kidney after injury. Cell Stem Cell 2, 284-291,
doi:10.1016/j.stem.2008.01.014 (2008).

Bonventre, J. V. & Yang, L. Cellular pathophysiology of ischemic acute kidney injury. J Clin Invest 121,
4210-4221, doi:10.1172/JCI45161 (2011).

Chawla, L. S., Eggers, P. W,, Star, R. A. & Kimmel, P. L. Acute Kidney Injury and Chronic Kidney Disease as
Interconnected Syndromes. New Engl J Med 371, 58-66, doi:10.1056/NEJMra1214243 (2014).

Weimbs, T. Polycystic kidney disease and renal injury repair: common pathways, fluid flow, and the
function of polycystin-1. Am J Physiol Renal Physiol 293, F1423-1432, doi:10.1152/ajprenal.00275.2007
(2007).



GENERAL INTRODUCTION

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Patel, V. et al. Acute kidney injury and aberrant planar cell polarity induce cyst formation in mice lacking
renal cilia. Hum Mol Genet 17, 1578-1590, doi:10.1093/hmg/ddn045 (2008).

Takakura, A. et al. Renal injury is a third hit promoting rapid development of adult polycystic kidney
disease. Hum Mol Genet 18, 2523-2531, doi:10.1093/hmg/ddp147 (2009).

Happe, H. et al. Toxic tubular injury in kidneys from Pkdl-deletion mice accelerates cystogenesis
accompanied by dysregulated planar cell polarity and canonical Wnt signaling pathways. Hum Mol
Genet 18, 2532-2542, doi:10.1093/hmg/ddp190 (2009).

Bastos, A. P. et al. Pkd1 haploinsufficiency increases renal damage and induces microcyst formation
following ischemia/reperfusion.JAm Soc Nephrol 20, 2389-2402, doi:10.1681/ASN.2008040435 (2009).

Kurbegovic, A. & Trudel, M. Acute kidney injury induces hallmarks of polycystic kidney disease. Am J
Physiol Renal Physiol 311, F740-F751, doi:10.1152/ajprenal.00167.2016 (2016).

Malas, T. B. et al. Meta-analysis of polycystic kidney disease expression profiles defines strong
involvement of injury repair processes. American Journal of Physiology - Renal Physiology 312,
F806-F817 (2017).

Little, M. H. & Kairath, P. Does Renal Repair Recapitulate Kidney Development? Journal of the American
Society of Nephrology 28, 34-46, doi:10.1681/asn.2016070748 (2017).

Charron, A. J., Nakamura, S., Bacallao, R. & Wandinger-Ness, A. Compromised cytoarchitecture and
polarized trafficking in autosomal dominant polycystic kidney disease cells. J Cell Biol 149, 111-124,
doi:10.1083/jcb.149.1.111 (2000).

Roitbak, T. et al. A polycystin-1 multiprotein complex is disrupted in polycystic kidney disease cells. Mol
Biol Cell 15, 1334-1346, doi:10.1091/mbc.E03-05-0296 (2004).

Drummond, I. A. Polycystins, focal adhesions and extracellular matrix interactions. Biochim Biophys Acta
1812, 1322-1326, doi:10.1016/j.bbadis.2011.03.003 (2011).

Witzgall, R., Brown, D., Schwarz, C. & Bonventre, J. V. Localization of proliferating cell nuclear antigen,
vimentin, c-Fos, and clusterin in the postischemic kidney. Evidence for a heterogenous genetic response
among nephron segments, and a large pool of mitotically active and dedifferentiated cells. J Clin Invest
93, 2175-2188, doi:10.1172/JCI117214 (1994).

Nadasdy, T., Laszik, Z., Blick, K. E., Johnson, L. D. & Silva, F. G. Proliferative activity of intrinsic cell
populations in the normal human kidney. J Am Soc Nephrol 4, 2032-2039 (1994).

Zuk, A. & Matlin, K. S. Induction of a laminin isoform and alpha(3)beta(1)-integrin in renal ischemic
injury and repair in vivo. Am J Physiol Renal Physiol 283, F971-984, doi:10.1152/ajprenal.00176.2002
(2002).

Joly, D. et al. Laminin 5 regulates polycystic kidney cell proliferation and cyst formation. J Biol Chem 281,
29181-29189, doi:10.1074/jbc.M606151200 (2006).

Shannon, M. B., Patton, B. L., Harvey, S. J. & Miner, J. H. A hypomorphic mutation in the mouse
laminin alpha5 gene causes polycystic kidney disease. J Am Soc Nephrol 17, 1913-1922, doi:10.1681/
ASN.2005121298 (2006).

Basile, D. P, Rovak, J. M., Martin, D. R. & Hammerman, M. R. Increased transforming growth factor-beta
1 expression in regenerating rat renal tubules following ischemic injury. Am J Physiol 270, F500-509,

doi:10.1152/ajprenal.1996.270.3.F500 (1996).

Massague, J. TGFbeta signalling in context. Nat Rev Mol Cell Biol 13, 616-630, doi:10.1038/nrm3434

29




CHAPTER 1

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

30

(2012).

Border, W. A. & Noble, N. A. TGF-beta in kidney fibrosis: a target for gene therapy. Kidney Int 51, 1388-
1396, doi:10.1038/ki.1997.190 (1997).

Gewin, L. S. Transforming Growth Factor-beta in the Acute Kidney Injury to Chronic Kidney Disease
Transition. Nephron, 1-4, doi:10.1159/000500093 (2019).

Chea, S. W. & Lee, K.-B. TGF-B Mediated Epithelial-Mesenchymal Transition in Autosomal Dominant
Polycystic Kidney Disease. Yonsei Medical Journal 50, doi:10.3349/ym;j.2009.50.1.105 (2009).

Hassane, S. et al. Elevated TGFB-Smad signalling in experimental Pkd1 models and human patients with
polycystic kidney disease. The Journal of Pathology, n/a-n/a, doi:10.1002/path.2734 (2010).

Egorova, A. D. et al. Tgfbeta/Alk5 signaling is required for shear stress induced kIf2 expression in
embryonic endothelial cells. Dev Dyn 240, 1670-1680, doi:10.1002/dvdy.22660 (2011).

Grabias, B. M. & Konstantopoulos, K. Notch4-dependent antagonism of canonical TGF-betal signaling
defines unique temporal fluctuations of SMAD3 activity in sheared proximal tubular epithelial cells. Am
J Physiol Renal Physiol 305, F123-133, doi:10.1152/ajprenal.00594.2012 (2013).

Kunnen, S. J. et al. Fluid shear stress-induced TGF-beta/ALK5 signaling in renal epithelial cells is
modulated by MEK1/2. Cell Mol Life Sci 74, 2283-2298, d0i:10.1007/s00018-017-2460-x (2017).

Altieri, P. et al. Transforming growth factor beta blocks cystogenesis by MDCK epithelium in vitro by
enhancing the paracellular flux: implication of collagen V. J Cell Physiol 177, 214-223, doi:10.1002/
(SIC1)1097-4652(199811)177:2<214::AID-JCP3>3.0.C0O;2-Q (1998).

Elberg, D., Jayaraman, S., Turman, M. A. & Elberg, G. Transforming growth factor-beta inhibits
cystogenesis in human autosomal dominant polycystic kidney epithelial cells. Exp Cell Res 318, 1508-
1516, doi:10.1016/j.yexcr.2012.03.021 (2012).

Leonhard, W. N. et al. Inhibition of Activin Signaling Slows Progression of Polycystic Kidney Disease.JAm
Soc Nephrol 27, 3589-3599, doi:10.1681/ASN.2015030287 (2016).

Mack, M. & Yanagita, M. Origin of myofibroblasts and cellular events triggering fibrosis. Kidney Int 87,
297-307, doi:10.1038/ki.2014.287 (2015).

Ow, C. P. C., Ngo, J. P, Ullah, M. M., Hilliard, L. M. & Evans, R. G. Renal hypoxia in kidney disease: Cause
or consequence? Acta Physiol (Oxf) 222, €12999, doi:10.1111/apha.12999 (2018).

Wei, W., Popoy, V., Walocha, J. A., Wen, J. & Bello-Reuss, E. Evidence of angiogenesis and microvascular
regression in autosomal-dominant polycystic kidney disease kidneys: a corrosion cast study. Kidney Int
70, 1261-1268, doi:10.1038/sj.ki.5001725 (2006).

Kim, K., Drummond, I., Ibraghimov-Beskrovnaya, O., Klinger, K. & Arnaout, M. A. Polycystin 1 is required
for the structural integrity of blood vessels. P Natl Acad Sci USA 97, 1731-1736, doi:DOI 10.1073/
pnas.040550097 (2000).

Liu, D. et al. A Pkd1-Fbnl genetic interaction implicates TGF-beta signaling in the pathogenesis of
vascular complications in autosomal dominant polycystic kidney disease. J Am Soc Nephrol 25, 81-91,

doi:10.1681/ASN.2012050486 (2014).

Sharif-Naeini, R. et al. Polycystin-1 and -2 dosage regulates pressure sensing. Cell 139, 587-596,
doi:10.1016/j.cell.2009.08.045 (2009).

Lorthioir, A. et al. Polycystin deficiency induces dopamine-reversible alterations in flow-mediated



GENERAL INTRODUCTION

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

dilatation and vascular nitric oxide release in humans. Kidney Int 87, 465-472, doi:10.1038/ki.2014.241
(2015).

Brookes, Z. L. et al. Pkd2 mesenteric vessels exhibit a primary defect in endothelium-dependent
vasodilatation restored by rosiglitazone. Am J Physiol Heart Circ Physiol 304, H33-41, doi:10.1152/
ajpheart.01102.2011 (2013).

Bernhardt, W. M. et al. Involvement of hypoxia-inducible transcription factors in polycystic kidney
disease. Am J Pathol 170, 830-842, doi:10.2353/ajpath.2007.060455 (2007).

Booij, T. H. et al. In Vitro 3d Phenotypic Drug Screen Identifies Celastrol as an Effective in Vivo Inhibitor
of Polycystic Kidney Disease. J Mol Cell Biol, doi:10.1093/jmcb/mjz029 (2019).

Song, X. et al. Systems biology of autosomal dominant polycystic kidney disease (ADPKD): computational
identification of gene expression pathways and integrated regulatory networks. Hum Mol Genet 18,
2328-2343, doi:10.1093/hmg/ddp165 (2009).

Hayden, M. S. & Ghosh, S. NF-kappaB, the first quarter-century: remarkable progress and outstanding
questions. Genes Dev 26, 203-234, doi:10.1101/gad.183434.111 (2012).

O’Shea, J. J. et al. The JAK-STAT pathway: impact on human disease and therapeutic intervention. Annu
Rev Med 66, 311-328, doi:10.1146/annurev-med-051113-024537 (2015).

Black, L. M., Lever, J. M. & Agarwal, A. Renal Inflammation and Fibrosis: A Double-edged Sword. J
Histochem Cytochem 67, 663-681, doi:10.1369/0022155419852932 (2019).

Ibrahim, S. Increased apoptosis and proliferative capacity are early events in cyst formation in autosomal-
dominant, polycystic kidney disease. ScientificWorldJournal 7, 1757-1767, doi:10.1100/tsw.2007.274
(2007).

Ta, M. H., Harris, D. C. & Rangan, G. K. Role of interstitial inflammation in the pathogenesis of polycystic
kidney disease. Nephrology (Carlton) 18, 317-330, doi:10.1111/nep.12045 (2013).

Gardner, K. D., Jr., Burnside, J. S., Elzinga, L. W. & Locksley, R. M. Cytokines in fluids from polycystic
kidneys. Kidney Int 39, 718-724, d0i:10.1038/ki.1991.87 (1991).

Zheng, D. et al. Urinary excretion of monocyte chemoattractant protein-1 in autosomal dominant
polycystic kidney disease. J Am Soc Nephrol 14, 2588-2595, doi:10.1097/01.asn.0000088720.61783.19
(2003).
Kenter, A. T. et al. Identifying cystogenic paracrine signaling molecules in cyst fluid of patients with
polycystic kidney disease. Am J Physiol Renal Physiol 316, F204-F213, doi:10.1152/ajprenal.00470.2018
(2019).

Zeier, M. et al. Renal histology in polycystic kidney disease with incipient and advanced renal failure.
Kidney Int 42, 1259-1265, doi:10.1038/ki.1992.413 (1992).

Zimmerman, K. A. et al. Urinary T cells correlate with rate of renal function loss in autosomal dominant
polycystic kidney disease. Physiol Rep 7, €13951, d0i:10.14814/phy2.13951 (2019).

Mrug, M. et al. Overexpression of innate immune response genes in a model of recessive polycystic
kidney disease. Kidney Int 73, 63-76, doi:10.1038/sj.ki.5002627 (2008).

Karihaloo, A. et al. Macrophages promote cyst growth in polycystic kidney disease.J Am Soc Nephrol 22,
1809-1814, doi:10.1681/ASN.2011010084 (2011).

Swenson-Fields, K. I. et al. Macrophages promote polycystic kidney disease progression. Kidney Int 83,

31




CHAPTER 1

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

32

855-864, doi:10.1038/ki.2012.446 (2013).

Chen, L. et al. Macrophage migration inhibitory factor promotes cyst growth in polycystic kidney
disease. J Clin Invest 125, 2399-2412, doi:10.1172/JCI80467 (2015).

Lee, S. et al. Distinct macrophage phenotypes contribute to kidney injury and repair. J Am Soc Nephrol
22, 317-326, doi:10.1681/ASN.2009060615 (2011).

Zimmerman, K. A. et al. Tissue-Resident Macrophages Promote Renal Cystic Disease. J Am Soc Nephrol
30, 1841-1856, doi:10.1681/ASN.2018080810 (2019).

Nakamura, T. et al. Increased endothelin and endothelin receptor mRNA expression in polycystic kidneys
of cpk mice. J Am Soc Nephrol 4, 1064-1072 (1993).

Li, X. et al. A tumor necrosis factor-alpha-mediated pathway promoting autosomal dominant polycystic
kidney disease. Nat Med 14, 863-868, doi:10.1038/nm1783 (2008).

Aderka, D., Engelmann, H., Maor, Y., Brakebusch, C. & Wallach, D. Stabilization of the bioactivity of
tumor necrosis factor by its soluble receptors. J Exp Med 175, 323-329, doi:10.1084/jem.175.2.323
(1992).

De Groote, D., Grau, G. E., Dehart, I. & Franchimont, P. Stabilisation of functional tumor necrosis factor-
alpha by its soluble TNF receptors. Eur Cytokine Netw 4, 359-362 (1993).

Dell, K. M. et al. A novel inhibitor of tumor necrosis factor-alpha converting enzyme ameliorates
polycystic kidney disease. Kidney Int 60, 1240-1248, doi:10.1046/j.1523-1755.2001.00963.x (2001).

Deshmane, S. L., Kremley, S., Amini, S. & Sawaya, B. E. Monocyte chemoattractant protein-1 (MCP-1): an
overview. J Interferon Cytokine Res 29, 313-326, doi:10.1089/jir.2008.0027 (2009).

Cowley, B. D., Jr, Ricardo, S. D., Nagao, S. & Diamond, J. R. Increased renal expression of monocyte
chemoattractant protein-1 and osteopontin in ADPKD in rats. Kidney Int 60, 2087-2096, doi:10.1046/
j.1523-1755.2001.00065.x (2001).

Grantham, J. J. et al. Tolvaptan suppresses monocyte chemotactic protein-1 excretion in autosomal-
dominant polycystic kidney disease. Nephrol Dial Transplant 32, 969-975, doi:10.1093/ndt/gfw060
(2017).

Cassini, M. F. et al. Mcpl Promotes Macrophage-Dependent Cyst Expansion in Autosomal Dominant
Polycystic Kidney Disease. J Am Soc Nephrol 29, 2471-2481, doi:10.1681/ASN.2018050518 (2018).

Zoja, C. et al. Effects of MCP-1 inhibition by bindarit therapy in a rat model of polycystic kidney disease.
Nephron 129, 52-61, doi:10.1159/000369149 (2015).

Idowu, J. et al. Aberrant Regulation of Notch3 Signaling Pathway in Polycystic Kidney Disease. Sci Rep 8,
3340, doi:10.1038/541598-018-21132-3 (2018).

Qin, S., Taglienti, M., Cai, L., Zhou, J. & Kreidberg, J. A. c-Met and NF-kappaB-dependent overexpression
of Wnt7a and -7b and Pax2 promotes cystogenesis in polycystic kidney disease. J Am Soc Nephrol 23,
1309-1318, doi:10.1681/ASN.2011030277 (2012).

Park, E. Y., Seo, M. J. & Park, J. H. Effects of specific genes activating RAGE on polycystic kidney disease.
Am J Nephrol 32, 169-178, doi:10.1159/000315859 (2010).

Ta, M. H. et al. Constitutive renal Rel/nuclear factor-kappaB expression in Lewis polycystic kidney
disease rats. World J Nephrol 5, 339-357, doi:10.5527/wjn.v5.i4.339 (2016).



GENERAL INTRODUCTION

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Mangolini, A. et al. NF-kappaB activation is required for apoptosis in fibrocystin/polyductin-depleted
kidney epithelial cells. Apoptosis 15, 94-104, doi:10.1007/s10495-009-0426-7 (2010).

Banzi, M. et al. Polycystin-1 promotes PKCalpha-mediated NF-kappaB activation in kidney cells. Biochem
Biophys Res Commun 350, 257-262, doi:10.1016/j.bbrc.2006.09.042 (2006).

Zhou, J. et al. Kidney injury accelerates cystogenesis via pathways modulated by heme oxygenase and
complement. J Am Soc Nephrol 23, 1161-1171, doi:10.1681/ASN.2011050442 (2012).

Gattone, V. H., 2nd et al. Methylprednisolone retards the progression of inherited polycystic kidney
disease in rodents. Am J Kidney Dis 25, 302-313, d0i:10.1016/0272-6386(95)90013-6 (1995).

Leuenroth, S. J. et al. Triptolide is a traditional Chinese medicine-derived inhibitor of polycystic kidney
disease. P Natl Acad Sci USA 104, 4389-4394, doi:10.1073/pnas.0700499104 (2007).

Ogborn, M. R. et al. Dietary conjugated linoleic acid reduces PGE2 release and interstitial injury in rat
polycystic kidney disease. Kidney Int 64, 1214-1221, doi:10.1046/j.1523-1755.2003.00215.x (2003).

Weimbs, T., Olsan, E. E. & Talbot, J. J. Regulation of STATs by polycystin-1 and their role in polycystic
kidney disease. JAKSTAT 2, 23650, doi:10.4161/jkst.23650 (2013).

Olsan, E. E. et al. Signal transducer and activator of transcription-6 (STAT6) inhibition suppresses
renal cyst growth in polycystic kidney disease. P Natl Acad Sci USA 108, 18067-18072, doi:10.1073/
pnas.1111966108 (2011).

Leonhard, W. N. et al. Curcumin inhibits cystogenesis by simultaneous interference of multiple signaling
pathways: in vivo evidence from a Pkd1-deletion model. Am J Physiol Renal Physiol 300, F1193-1202,
doi:10.1152/ajprenal.00419.2010 (2011).

Takakura, A. et al. Pyrimethamine inhibits adult polycystic kidney disease by modulating STAT signaling
pathways. Hum Mol Genet 20, 4143-4154, doi:10.1093/hmg/ddr338 (2011).

Formica, C. et al. Characterisation of transcription factor profiles in polycystic kidney disease (PKD):
identification and validation of STAT3 and RUNX1 in the injury/repair response and PKD progression. J
Mol Med (Berl), doi:10.1007/s00109-019-01852-3 (2019).

Norman, J., Tsau, Y. K., Bacay, A. & Fine, L. G. Epidermal growth factor accelerates functional recovery
from ischaemic acute tubular necrosis in the rat: role of the epidermal growth factor receptor. Clin Sci
(Lond) 78, 445-450, doi:10.1042/cs0780445 (1990).

Miller, S. B., Martin, D. R., Kissane, J. & Hammerman, M. R. Insulin-like growth factor | accelerates
recovery from ischemic acute tubular necrosis in the rat. Proc Natl Acad Sci U S A 89, 11876-11880,
doi:10.1073/pnas.89.24.11876 (1992).

Terzi, F. et al. Targeted expression of a dominant-negative EGF-R in the kidney reduces tubulo-interstitial
lesions after renal injury. J Clin Invest 106, 225-234, doi:10.1172/JCI8315 (2000).

Homsi, E., Janino, P., Amano, M. & Saraiva Camara, N. O. Endogenous hepatocyte growth factor
attenuates inflammatory response in glycerol-induced acute kidney injury. Am J Nephrol 29, 283-291,
doi:10.1159/000159275 (2009).

Liu, P. et al. Enhanced renoprotective effect of IGF-1 modified human umbilical cord-derived
mesenchymal stem cells on gentamicin-induced acute kidney injury. Sci Rep 6, 20287, doi:10.1038/
srep20287 (2016).

Hakroush, S. et al. Effects of increased renal tubular vascular endothelial growth factor (VEGF) on fibrosis,
cyst formation, and glomerular disease. Am J Pathol 175, 1883-1895, doi:10.2353/ajpath.2009.080792

33




CHAPTER 1

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

34

(2009).

Phanish, M. K., Winn, S. K. & Dockrell, M. E. Connective tissue growth factor-(CTGF, CCN2)--a
marker, mediator and therapeutic target for renal fibrosis. Nephron Exp Nephrol 114, e83-92,
doi:10.1159/000262316 (2010).

Laouari, D. et al. TGF-alpha mediates genetic susceptibility to chronic kidney disease. J Am Soc Nephrol
22, 327-335, doi:10.1681/ASN.2010040356 (2011).

Ostendorf, T., Boor, P, van Roeyen, C. R. & Floege, J. Platelet-derived growth factors (PDGFs) in
glomerular and tubulointerstitial fibrosis. Kidney Int Suppl (2011) 4, 65-69, doi:10.1038/kisup.2014.12
(2014).

Sweeney, W. E. & Avner, E. D. Molecular and cellular pathophysiology of autosomal recessive polycystic
kidney disease (ARPKD). Cell Tissue Res 326, 671-685, doi:10.1007/s00441-006-0226-0 (2006).

Lee, D. C.,, Chan, K. W. & Chan, S. Y. Expression of transforming growth factor alpha and epidermal
growth factor receptor in adult polycystic kidney disease. J Urol 159, 291-296, d0i:10.1016/s0022-
5347(01)64084-9 (1998).

Sweeney, W. E., Jr. & Avner, E. D. Functional activity of epidermal growth factor receptors in autosomal
recessive polycystic kidney disease. Am J Physiol 275, F387-394, doi:10.1152/ajprenal.1998.275.3.F387
(1998).

Lowden, D. A. et al. Renal cysts in transgenic mice expressing transforming growth factor-alpha. J Lab
Clin Med 124, 386-394 (1994).

Ye, M. et al. Cyst fluid from human autosomal dominant polycystic kidneys promotes cyst formation and
expansion by renal epithelial cells in vitro. J Am Soc Nephrol 3, 984-994 (1992).

Wilson, P. D. Polycystic kidney disease. N Engl J Med 350, 151-164, doi:10.1056/NEJMra022161 (2004).

Du, J. & Wilson, P. D. Abnormal polarization of EGF receptors and autocrine stimulation of cyst epithelial
growth in human ADPKD. Am J Physiol 269, C487-495, doi:10.1152/ajpcell.1995.269.2.C487 (1995).

Orellana, S. A., Sweeney, W. E., Neff, C. D. & Avner, E. D. Epidermal Growth-Factor Receptor Expression
Is Abnormal in Murine Polycystic Kidney. Kidney International 47, 490-499, doi:DOI 10.1038/ki.1995.62
(1995).

Richards, W. G. et al. Epidermal growth factor receptor activity mediates renal cyst formation in
polycystic kidney disease. J Clin Invest 101, 935-939, doi:10.1172/JCI2071 (1998).

Torres, V. E. et al. EGF receptor tyrosine kinase inhibition attenuates the development of PKD in
Han:SPRD rats. Kidney Int 64, 1573-1579, doi:10.1046/j.1523-1755.2003.00256.x (2003).

Sweeney, W. E., Jr. et al. Combination treatment of PKD utilizing dual inhibition of EGF-receptor activity
and ligand bioavailability. Kidney Int 64, 1310-1319, doi:10.1046/j.1523-1755.2003.00232.x (2003).

Nakamura, T. et al. Growth factor gene expression in kidney of murine polycystic kidney disease. J Am
Soc Nephrol 3, 1378-1386 (1993).

Horie, S. et al. Mediation of Renal Cyst Formation by Hepatocyte Growth-Factor. Lancet 344, 789-791,
doi:Doi 10.1016/5S0140-6736(94)92344-2 (1994).

Qin, S. A. et al. Failure to ubiquitinate c-Met leads to hyperactivation of mTOR signaling in a mouse
model of autosomal dominant polycystic kidney disease. Journal of Clinical Investigation 120, 3617-
3628, doi:10.1172/Jci41531 (2010).



GENERAL INTRODUCTION

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Simon, M. et al. Expression of vascular endothelial growth factor and its receptors in human renal
ontogenesis and in adult kidney. Am J Physiol 268, F240-250, doi:10.1152/ajprenal.1995.268.2.F240
(1995).

Tao, Y. et al. VEGF receptor inhibition slows the progression of polycystic kidney disease. Kidney Int 72,
1358-1366, doi:10.1038/sj.ki.5002550 (2007).

Bello-Reuss, E., Holubec, K. & Rajaraman, S. Angiogenesis in autosomal-dominant polycystic kidney
disease. Kidney Int 60, 37-45, doi:10.1046/j.1523-1755.2001.00768.x (2001).

Raina, S. et al. Anti-VEGF antibody treatment accelerates polycystic kidney disease. Am J Physiol Renal
Physiol 301, F773-783, doi:10.1152/ajprenal.00058.2011 (2011).

Herrera, G. A. C-erb B-2 amplification in cystic renal disease. Kidney Int 40, 509-513, doi:10.1038/
ki.1991.239 (1991).

Wilson, P.D., Du, J. & Norman, J. T. Autocrine, endocrine and paracrine regulation of growth abnormalities
in autosomal dominant polycystic kidney disease. Eur J Cell Biol 61, 131-138 (1993).

Kuo, N. T., Norman, J. T. & Wilson, P. D. Acidic FGF regulation of hyperproliferation of fibroblasts in
human autosomal dominant polycystic kidney disease. Biochem Mol Med 61, 178-191, doi:DOI 10.1006/
bmme.1997.2583 (1997).

Toda, N., Mukoyama, M., Yanagita, M. & Yokoi, H. CTGF in kidney fibrosis and glomerulonephritis.
Inflamm Regen 38, doi:UNSP 1410.1186/s41232-018-0070-0 (2018).

Gauer, S. et al. CTGF Is Expressed During Cystic Remodeling in the PKD/Mhm (cy/+) Rat Model
for Autosomal-Dominant Polycystic Kidney Disease (ADPKD). J Histochem Cytochem 65, 743-755,
doi:10.1369/0022155417735513 (2017).

Happe, H. et al. Altered Hippo signalling in polycystic kidney disease. J Pathol 224, 133-142, doi:10.1002/
path.2856 (2011).

Ito, Y. et al. Expression of connective tissue growth factor in human renal fibrosis. Kidney Int 53, 853-
861, doi:10.1111/j.1523-1755.1998.00820.x (1998).

Sanchez-Lopez, E. et al. CTGF promotes inflammatory cell infiltration of the renal interstitium by
activating NF-kappaB. J Am Soc Nephrol 20, 1513-1526, doi:10.1681/ASN.2008090999 (2009).

Woroniecka, K. I. et al. Transcriptome analysis of human diabetic kidney disease. Diabetes 60, 2354-
2369, doi:10.2337/db10-1181 (2011).

Bielesz, B. et al. Epithelial Notch signaling regulates interstitial fibrosis development in the kidneys of
mice and humans. J Clin Invest 120, 4040-4054, doi:10.1172/JCI43025 (2010).

Xu, J. et al. Involvement of the Hippo pathway in regeneration and fibrogenesis after ischaemic acute
kidney injury: YAP is the key effector. Clin Sci 130, 349-363, d0i:10.1042/Cs20150385 (2016).

Villanueva, S., Cespedes, C. & Vio, C. P. Ischemic acute renal failure induces the expression of a wide
range of nephrogenic proteins. Am J Physiol Regul Integr Comp Physiol 290, R861-870, doi:10.1152/
ajpregu.00384.2005 (2006).

Edeling, M., Ragi, G., Huang, S., Pavenstadt, H. & Susztak, K. Developmental signalling pathways in
renal fibrosis: the roles of Notch, Wnt and Hedgehog. Nat Rev Nephrol 12, 426-439, doi:10.1038/
nrneph.2016.54 (2016).

Kim, C. L., Choi, S. H. & Mo, J. S. Role of the Hippo Pathway in Fibrosis and Cancer. Cells 8, doi:10.3390/

35




CHAPTER 1

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

36

cells8050468 (2019).
Kopan, R. Notch signaling. Cold Spring Harb Perspect Biol 4, doi:10.1101/cshperspect.a011213 (2012).

Fujimura, S., Jiang, Q., Kobayashi, C. & Nishinakamura, R. Notch2 Activation in the Embryonic Kidney
Depletes Nephron Progenitors. Journal of the American Society of Nephrology 21, 803-810, doi:10.1681/
Asn.2009040353 (2010).

Chung, E., Deacon, P., Marable, S., Shin, J. & Park, J. S. Notch signaling promotes nephrogenesis by
downregulating Six2. Development 143, 3907-3913, doi:10.1242/dev.143503 (2016).

Sweetwyne, M. T., Tao, J. & Susztak, K. Kick it up a notch: Notch signaling and kidney fibrosis. Kidney Int
Suppl (2011) 4, 91-96, doi:10.1038/kisup.2014.17 (2014).

Morrissey, J. et al. Transforming growth factor-beta induces renal epithelial jagged-1 expression in
fibrotic disease. J Am Soc Nephrol 13, 1499-1508, d0i:10.1097/01.asn.0000017905.77985.4a (2002).

Niranjan, T. et al. The Notch pathway in podocytes plays a role in the development of glomerular
disease. Nat Med 14, 290-298, doi:10.1038/nm1731 (2008).

Chen, W. C., Tzeng, V. S. & Li, H. Gene expression in early and progression phases of autosomal dominant
polycystic kidney disease. BMC Res Notes 1, 131, doi:10.1186/1756-0500-1-131 (2008).

Surendran, K., Selassie, M., Liapis, H., Krigman, H. & Kopan, R. Reduced Notch signaling leads to renal
cysts and papillary microadenomas. J Am Soc Nephrol 21, 819-832, doi:10.1681/ASN.2009090925
(2010).

Pandey, P, Qin, S., Ho, J., Zhou, J. & Kreidberg, J. A. Systems biology approach to identify transcriptome
reprogramming and candidate microRNA targets during the progression of polycystic kidney disease.
BMIC Syst Biol 5, 56, doi:10.1186/1752-0509-5-56 (2011).

Steinhart, Z. & Angers, S. Wnt signaling in development and tissue homeostasis. Development 145,
doi:10.1242/dev.146589 (2018).

Zhou, D., Tan, R. J., Fu, H. & Liu, Y. Wnt/B-catenin signaling in kidney injury and repair: a double-edged
sword. Laboratory Investigation 96, 156-167, doi:10.1038/labinvest.2015.153 (2015).

Qian, C. N. et al. Cystic renal neoplasia following conditional inactivation of apc in mouse renal tubular
epithelium. J Biol Chem 280, 3938-3945, doi:10.1074/jbc.M410697200 (2005).

Saadi-Kheddouci, S. et al. Early development of polycystic kidney disease in transgenic mice expressing
an activated mutant of the beta-catenin gene. Oncogene 20, 5972-5981, doi:10.1038/sj.0nc.1204825
(2001).

Sorenson, C. M. Nuclear localization of beta-catenin and loss of apical brush border actin in cystic
tubules of bcl-2 -/- mice. Am J Physiol 276, F210-217, doi:10.1152/ajprenal.1999.276.2.F210 (1999).

Huan, Y. H. & van Adelsberg, J. Polycystin-1, the PKD1 gene product, is in a complex containing E-cadherin
and the catenins. Journal of Clinical Investigation 104, 1459-1468, doi:Doi 10.1172/Jci5111 (1999).

Trudel, M. in Polycystic Kidney Disease (ed X. Li) (Codon PublicationsCopyright: The Author., 2015).

McNeill, H. Planar Cell Polarity and the Kidney. Journal of the American Society of Nephrology 20, 2104-
2111, doi:10.1681/asn.2008111173 (2009).

Fischer, E. et al. Defective planar cell polarity in polycystic kidney disease. Nat Genet 38, 21-23,
doi:10.1038/ng1701 (2006).



GENERAL INTRODUCTION

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

Nishio, S. et al. Loss of oriented cell division does not initiate cyst formation. J Am Soc Nephrol 21, 295-
302, doi:10.1681/ASN.2009060603 (2010).

Cain, J. E. & Rosenblum, N. D. Control of mammalian kidney development by the Hedgehog signaling
pathway. Pediatr Nephrol 26, 1365-1371, doi:10.1007/s00467-010-1704-x (2011).

Zhou, D., Tan, R. J. & Liu, Y. Sonic hedgehog signaling in kidney fibrosis: a master communicator. Sci China
Life Sci 59, 920-929, doi:10.1007/s11427-016-0020-y (2016).

Avasthi, P,, Maser, R. L. & Tran, P. V. Primary Cilia in Cystic Kidney Disease. Results Probl Cell Differ 60,
281-321, doi:10.1007/978-3-319-51436-9_11 (2017).

Hildebrandt, F., Benzing, T. & Katsanis, N. Ciliopathies. N Engl J Med 364, 1533-1543, doi:10.1056/
NEJMral1010172 (2011).

Bangs, F. & Anderson, K. V. Primary Cilia and Mammalian Hedgehog Signaling. Cold Spring Harb Perspect
Biol 9, doi:10.1101/cshperspect.a028175 (2017).

Attanasio, M. et al. Loss of GLIS2 causes nephronophthisis in humans and mice by increased apoptosis
and fibrosis. Nat Genet 39, 1018-1024, doi:10.1038/ng2072 (2007).

Silva, L. M. et al. Inhibition of Hedgehog signaling suppresses proliferation and microcyst formation of
human Autosomal Dominant Polycystic Kidney Disease cells. Sci Rep 8, 4985, doi:10.1038/s41598-018-
23341-2 (2018).

Tran, P. V. et al. Downregulating Hedgehog Signaling Reduces Renal Cystogenic Potential of Mouse
Models. Journal of the American Society of Nephrology 25, 2201-2212, doi:10.1681/Asn.2013070735
(2014).

Ma, M., Legue, E., Tian, X., Somlo, S. & Liem, K. F,, Jr. Cell-Autonomous Hedgehog Signaling Is Not
Required for Cyst Formation in Autosomal Dominant Polycystic Kidney Disease. J Am Soc Nephrol 30,
2103-2111, doi:10.1681/ASN.2018121274 (2019).

Zheng, Y. & Pan, D. The Hippo Signaling Pathway in Development and Disease. Dev Cell 50, 264-282,
doi:10.1016/j.devcel.2019.06.003 (2019).

Meng, Z., Moroishi, T. & Guan, K. L. Mechanisms of Hippo pathway regulation. Genes Dev 30, 1-17,
doi:10.1101/gad.274027.115 (2016).

Attisano, L. & Wrana, J. L. Signal integration in TGF-beta, WNT, and Hippo pathways. F1000Prime Rep 5,
17, doi:10.12703/P5-17 (2013).

McNeill, H. & Reginensi, A. Lats1/2 Regulate Yap/Taz to Control Nephron Progenitor Epithelialization
and Inhibit Myofibroblast Formation. Journal of the American Society of Nephrology 28, 852-861,
doi:10.1681/Asn.2016060611 (2017).

Reginensi, A. et al. Yap- and Cdc42-dependent nephrogenesis and morphogenesis during mouse kidney
development. PLoS Genet 9, 1003380, doi:10.1371/journal.pgen.1003380 (2013).

Makita, R. et al. Multiple renal cysts, urinary concentration defects, and pulmonary emphysematous
changes in mice lacking TAZ. Am J Physiol Renal Physiol 294, F542-553, doi:10.1152/ajprenal.00201.2007
(2008).

Szeto, S. G. et al. YAP/TAZ Are Mechanoregulators of TGF-beta-Smad Signaling and Renal Fibrogenesis. J
Am Soc Nephrol 27, 3117-3128, doi:10.1681/ASN.2015050499 (2016).

Habbig, S. et al. The ciliopathy disease protein NPHP9 promotes nuclear delivery and activation of the

37




CHAPTER 1

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

38

oncogenic transcriptional regulator TAZ. Hum Mol Genet 21, 5528-5538, doi:10.1093/hmg/dds408
(2012).

Xu, D. et al. Scribble influences cyst formation in autosomal-dominant polycystic kidney disease by
regulating Hippo signaling pathway. FASEB J 32, 4394-4407, doi:10.1096/fj.201701376RR (2018).

Cai, J. et al. A RhoA-YAP-c-Myc signaling axis promotes the development of polycystic kidney disease.
Genes Dev 32, 781-793, doi:10.1101/gad.315127.118 (2018).

Zhao, B. et al. TEAD mediates YAP-dependent gene induction and growth control. Genes Dev 22, 1962-
1971, doi:10.1101/gad.1664408 (2008).

Sharifian, R. et al. Distinct patterns of transcriptional and epigenetic alterations characterize acute and
chronic kidney injury. Sci Rep 8, 17870, d0i:10.1038/s41598-018-35943-x (2018).

Wanner, N. & Bechtel-Walz, W. Epigenetics of kidney disease. Cell Tissue Res 369, 75-92, doi:10.1007/
s00441-017-2588-x (2017).

Chang, M. Y. & A, C. M. O. Targeting new cellular disease pathways in autosomal dominant polycystic
kidney disease. Nephrol Dial Transplant 33, 1310-1316, doi:10.1093/ndt/gfx262 (2018).

Li, L. X. et al. Lysine methyltransferase SMYD2 promotes cyst growth in autosomal dominant polycystic
kidney disease. J Clin Invest 127, 2751-2764, doi:10.1172/JCI190921 (2017).

Zhou, X. et al. Sirtuin 1 inhibition delays cyst formation in autosomal-dominant polycystic kidney
disease. J Clin Invest 123, 3084-3098, doi:10.1172/JCI64401 (2013).

Fan, L. X., Li, X., Magenheimer, B., Calvet, J. P. & Li, X. Inhibition of histone deacetylases targets the
transcription regulator 1d2 to attenuate cystic epithelial cell proliferation. Kidney Int 81, 76-85,
doi:10.1038/ki.2011.296 (2012).

Liu, W. et al. HDAC6 regulates epidermal growth factor receptor (EGFR) endocytic trafficking and
degradation in renal epithelial cells. PLoS One 7, 49418, doi:10.1371/journal.pone.0049418 (2012).

Zhou, X. et al. Therapeutic targeting of BET bromodomain protein, Brd4, delays cyst growth in ADPKD.
Hum Mol Genet 24, 3982-3993, d0i:10.1093/hmg/ddv136 (2015).

Zhou, X. et al. SIRT2 regulates ciliogenesis and contributes to abnormal centrosome amplification
caused by loss of polycystin-1. Hum Mol Genet 23, 1644-1655, doi:10.1093/hmg/ddt556 (2014).

Cao, Y. et al. Chemical modifier screen identifies HDAC inhibitors as suppressors of PKD models. P Nat/
Acad Sci USA 106, 21819-21824, doi:10.1073/pnas.0911987106 (2009).

Woo, Y. M. et al. Genome-wide methylation profiling of ADPKD identified epigenetically regulated genes
associated with renal cyst development. Hum Genet 133, 281-297, d0i:10.1007/s00439-013-1378-0
(2014).

Bowden, S. A. et al. Genome-Scale Single Nucleotide Resolution Analysis of DNA Methylation in Human
Autosomal Dominant Polycystic Kidney Disease. Am J Nephrol 48, 415-424, doi:10.1159/000494739
(2018).



GENERAL INTRODUCTION

39






