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Summary

Tuberous sclerosis complex (TSC) is characterised by the development of benign
growths across the body and is caused by mutations in TSC7 or TSC2. The TSC
gene products have an established role in the regulation of mammalian target of
Rapamycin (mTOR) signalling. Clinical trials are underway for the treatment of TSC-
associated tumours using mTOR inhibitors. Here, we show that many of the earliest
renal lesions from Tsc1*" and Tsc2*"" mice (cysts) do not exhibit mTOR activation,
suggesting alternative pathways should be targeted to prevent tumour formation.
Patients with TSC often develop renal cysts (derived from dilated tubules) and those
with inherited co-deletions of the autosomal dominant polycystic kidney disease
(ADPKD) gene 1 (PKD1) develop severe, early onset polycystic kidneys. Using
mouse models, we have shown that the Tsc and Pkd7 gene products are required
for correct cell polarisation during renal tubule and bile duct elongation. When
polarity is disrupted in Tsc1*", Tsc2"" and Pkd1*" mice, we found significant
alterations in the length of primary cilia projecting from pre-cystic tubule and duct
cells (consistent with the highly polar nature of this organelle). The primary cilium is
proposed to facilitate many signalling events and provides a mechanosensory input
into renal tubule cells. Despite widespread defects in cell polarity and primary cilia in
the developing kidney of a Tsc1*", Tsc2*" or Pkd1*" mouse, we found no evidence of
tubule dilation, occlusion or cyst formation until around 3-6 months of age. On the
basis of this delay period, combined with our data showing significantly higher levels
of cleaved caspase-3 in pre-cystic renal tubules from these mice, we suggest that
apoptosis destroys these misaligned cells to protect against cyst formation. We
found that almost all cysts without mTOR-activation failed to stain for cleaved
caspase-3, and therefore sought activation of a pro-survival pathway. There was
strong upregulation of Bcl2 in mTOR inactive cysts that were not undergoing
apoptosis, suggesting this was the mediator of survival in our cysts. In cysts without
activation of mTOR or apoptosis, we found significant activation of Jak2 and its
downstream target Stat3. We finally sought gain-of-function mutations in this
pathway, and found several somatic Jak2 mutations with likely oncogenic potential in
Tsc-associated cysts. These data suggest that defective cell polarity in the context of
abnormal Jak2 signalling can drive Tsc-associated cystogenesis in the absence of
mTOR dysregulation and targeting of this pathway may be of key therapeutic benefit.
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CHAPTER ONE

General Introduction

1.1 Tuberous sclerosis complex
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterised
by multiple hamartomatous growths across many organs.

1.1.1 History of the disease

The earliest reported case of TSC was in a neonate with cardiac rhabdomyomata
(von Recklinghausen 1862), but it was not until 1879 that Désiré-Magloire
Bourneville clearly documented what we now know of as the disease in a 3 year old
girl with seizures, facial angiofibroma and mental handicap with the term ‘sclérose
tubéreuse des circonvolutions cérébrales’ (Bourneville 1880). By 1905, Gaetano
Perusini began to associate the cerebral, renal, cardiac and skin lesions found in
TSC sufferers and in 1908 Heinrich Vogt proposed the notion of a clinical triad (Vogt
1908) of seizures, mental retardation and adenoma sebaceum (facial angiofibroma).
However, only ~29% of individuals will present with the full triad (Gomez 1988),
which led to an underestimate of TSC prevalence at 1:100,000 (Nevin et al.1968).
Technological advances such as computer tomography (CT) (1974), renal
ultrasound and echocardiography (1982) and magnetic resonance imaging (MRI)
(1984) provided non-invasive ways to diagnose TSC in patients not presenting with
the classical triad or mental retardation (Lagos et al. 1967). It was a combination of
these new diagnostic tools and work done by Gomez (1988) to establish a major and
minor clinical feature list that helped increase the accuracy of population studies into
TSC and raise the number of cases significantly. TSC is now thought to affect
between one in 6,000 and one in 10,000 individuals (Sampson et al. 1989, Osborne
1991). The genes responsible, TSC7 and TSC2 (encoding hamartin and tuberin
respectively) have been characterised and their roles in the repression of mTOR
signalling has led to trials of Rapamycin (an mTOR inhibitor) as a TSC treatment. A
timeline of key events in the history of TSC is included in Table 1.1.
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1.1.2 Clinical manifestations of TSC

TSC primarily manifests as benign hamartomatous growths across many organs,
including the brain, skin, kidneys and heart. TSC hamartomas consist of a group of
dysplastic, disorganised cells that possess at least some ability for growth
(Kwiatkowski 2003). Hamartomas are defined as a subtype of benign tumour, where
cells will retain normal differentiation but display disorganised tissue architecture
(Inoki et al. 2005). Table 1.2 outlines the various dermatological, neurological, renal,
hepatic, pulmonary and cardiac manifestations of the disease.

After skin lesions, which are found in nearly all TSC patients, cerebral pathology is
the second most common finding (~90%). It is tumours of the central nervous system
(CNS) that cause the majority of morbidity and mortality in TSC (Hockenberry 2003).
However, significant contributions to TSC pathology are made from renal
involvement (Rosser et al. 2006). Liver manifestations of TSC are limited to hepatic
angiomyolipomas (AMLs), which are often asymptomatic and non-progressive
(Carmody et al. 1994). TSC-associated pulmonary defects occur exclusively in post-
pubescent females, at a low incidence of 1% to 6% (Uzzo et al. 1994; Kwiatkowski et
al. 1994) but can be devastating enough to require lung transplantation.

Other manifestations associated with TSC include retinal tumours (Robertson 1991),
which are seen in ~50% of TSC patients (Robertson 1988). These have strong
diagnostic value (Casteels 2010) but rarely affect vision (Kwiatkowski et al. 2010).
Pathological hormone changes can be induced by AML growth on the adrenal
glands (ligren et al. 1984). TSC adenomas can grow on the pancreas (Kim et al.
1995) or thyroid (Adhvaryu et al. 2004) to further subvert the endocrine system.
Digestive tract involvement is divided between the mouth (nodular tumours and
papillomas), and the rectum (hamartomatous colorectal polyps) (Gould 1991). These
colorectal polyps have minimal malignant potential. Bender et al. (1981) have
commented on splenic involvement, characterised as nodules of large abnormal
cells throughout the parenchyma. Skeletal lesions in TSC occur as asymptomatic
foci of sclerotic growth (Umeoka et al. 2008).



Table 1.2 The pathological findings of tuberous sclerosis complex

System Symptom Manifestation
Facial Angiofibroma Adenoma sebaceum present across the cheek bones and bridge
of the nose, seen in 75% of TSC patients (Weiner et al. 1998).
Lesion composed of abnormal vasculature and fibrous tissue.
Hypomelanotic White patches are visible on most sufferers (Alper et al. 1983),
Skin Macules although these pigmentation defects can also be present in the
general population with no pathological significance.
Ungual Fibromas, Nail bed tumours and connective tissue hamartomas commonly
Shagreen Patches appear around puberty and are relatively frequent in TSC.
Hypomyelinated hamartomas arising from the cerebral cortex and
Cortical Tubers surround white matter. Detectable as early as 20 weeks gestation
(Park et al. 1997) and a characteristic TSC lesion.
Sub-ependymal Develop in the lining of cerebral ventricles and typically calcify
Brain nodules (SEN) with time (Gerard et al. 1987). Present in 80% of TSC patients.
Sub-ependymal giant May grow large enough to block CNS fluid flow, believed to
cell astrocytomas develop from SENs and frequently calcify (Kwiatkowski 2010).
(SEGA) Histologically, SENs and SEGAs are identical, but the two are
distinguished on their ability to grow (Fujiwara et al. 1989).
A common TSC finding (~70%) (Bernstein et al. 1991), but
Angiomyolipoma (AML) asymptomatic in many cases (O’'Callaghan et a/. 2004). AMLs are
age-dependent (Gomez 1988) benign tumours formed from
smooth-muscle cells, mature adipose tissue and abnormal blood
vessels (Stillwell et al. 1987).
In ~35% of TSC patients (Cook et al. 1996), commonly multiple
. and bilateral, arise from all portions of the nephron (Gomez
Kidney Cysts 1988), lined with hyperplastic epithelial cells derived from tubule
cells. Severe renal cystic disease occurs in ~2% of patients with a
contiguous deletion of both TSC2 and the adjacent PKD1 gene.
Suggested to occur earlier (Lendvay et al. 2002) and more
Renal Cell Carcinoma frequently in TSC patients than the general population
(RCC) (O’Callaghan et al. 2 004, Kwiatkowski 2010, Washecka et al.
1991). Lesions most likely derive from the lining of cysts, not
AMLs (Robertson et al. 1996). The prevalent type of RCC in TSC
is clear cell carcinoma (Bjornsson et al. 1996).
Liver Angiomyolipoma (AML) || Hepatic AMLs occur at a significantly lower incidence to renal
manifestations (Galant et al. 1995). Fricke et al. (2003) found
AMLs in 13% of TSC patients.
Exclusively in post-pubescent females, at an incidence of 1% to
Lungs Lymphangioleiomyo- 6% (Uzzo et al. 1994, Kwiatkowski et al. 1994). Characterised by
matosis (LAM) hyperproliferation of smooth muscle cells throughout the lung and
results in destruction of functional pulmonary tissue with multiple
thin-walled cysts (Kwiatkowski et al. 2010).
Heart lesions occur in half of infant TSC sufferers (Bass et al.
Heart Cardiac 1985, Smith et al. 1989), with rhabdomyomas derived from
rhabdomyomas cardiac muscle cells being the only cardiac lesion directly

associated with the disease (Nir et al. 1995). Lesions are small
and commonly regress with time (Kwiatkowski ef al. 1994).




1.1.3 Diagnosis of TSC

TSC has highly variable penetrance, causing a plethora of abnormalities in a variety
of organs. This presents medical professionals with a diagnostic challenge that
requires careful clinical evaluation (Osborne 1988). Many cases of TSC will first
come to the attention of a clinician through parental concern over small raised facial
tumours or spasms in early childhood. Some children may remain undiagnosed until
adolescence if symptoms are phenotypically mild. Typically, minor dermatological
features will lead to eventual suspicion of TSC in these cases. A new diagnosis of
TSC will include a detailed family history, physical examination (skin lesions), cranial
imaging (cortical tubers and SENs), renal ultrasonography (renal AMLs and cysts)
and echocardiography (cardiac rhabdomyoma).

Vogt's triad of seizures, mental retardation and facial angiofiboroma was the principle
guide in diagnosing TSC for many years. Upon the discovery by Manuel Gomez that
patients may not exhibit some or all of these clinical cornerstones (Gomez 1988), a
definite need for updated and more inclusive diagnostic criteria arose. A new
criterion was produced to include many more of the previously sidelined aspects of
TSC (Gomez 1979) and this was later revised by a panel of experts at the Tuberous
Sclerosis Complex Consensus Conference in Annapolis, Maryland (Roach et al.
1998). A more recent version has been released with minor changes in 2004 (Roach
and Sparagana 2004). This revised consensus diagnostic criteria for TSC reflects an
increased understanding of the disease and how it manifests, and is included in full
in Table 1.3.

Clinical features of TSC are classified into major and minor categories, the presence
of which will allow a diagnostician to give definite, probable or possible confirmation
of TSC. Diagnosis can alternatively be carried out or backed up by genetic testing of
the TSC1 and TSC2 genes. This will involve sequence analysis of the two genes
followed by deletion testing if no initial mutation is detected. There are patients with a
spectrum of TSC-associated manifestations in whom no mutation in TSC7 or TSC2
can be found (no mutation identified, or NMI), but it does not mean those individuals
do not have TSC. NMI may be accounted for by mutation detection failure, a
pathogenic mutation in a non-coding region, a third undiscovered TSC locus or

mosaicism. These issues are discussed in more detail later on.



Table 1.3 Diagnostic criteria for tuberous sclerosis complex.

Major Features

Location Feature
Head Facial angiofibroma or forehead plaque.
Brain Cortical tuber §

Subependymal nodule

Subependymal giant cell astrocytoma
Eyes Multiple retinal nodular hamartomas

Skin Hypomelanotic macules (>3 lesions)
Shagreen patch (connective tissue nevus)
Fingers / Toes Non-traumatic ungual fibromas

Heart Cardiac rhabdomyoma (single or multiple)
Lungs Lymphangiomyomatosis ¥
Kidneys Renal angiomyolipoma ¥

Minor Features

Location Feature
Teeth Multiple randomly distributed pits in dental enamel
Rectum Hamartomatous rectal polyps (histologically confirmed)
Bones Bone cysts (radiographically confirmed)
Brain Cerebral white matter radial migration lines §
Gums Gingival fibromas
Liver / Spleen Non-renal hamartoma (histologically confirmed)
Eyes Retinal achromic patch
Skin "Confetti" skin lesions
Kidneys Multiple renal cysts (histologically confirmed)

Definite - Either two major features or one major feature with two minor features.
Probable - One major and one minor feature.

Suspect - Either one maijor feature or two or more minor features.

§ Cerebral cortical dysplasia and cerebral white matter migration tracts occurring
together are counted as one rather than two features of TSC.

¥ When both lymphangiomyomatosis and renal angiomyolipomas are present, other
features of TSC must be present in order for definite diagnosis.



1.1.4 Identification of the TSC genes

The genetic aspect of TSC was fully appreciated by Kirpicznik and Pringle at the turn
of the 19th century (Kirpicznik 1910, Pringle 1890). Subsequent work by Berg (1913)
and Gunther et al. (1935) revealed a dominant inheritance pattern. In the following
years, several researchers documented TSC-affected families (Dickerson 1951,
Lagos et al. 1967), but it was not until the 1980s when progress was made in
uncovering the genes responsible for TSC.

1141 TSC1

Fryer et al. (1987) conducted a linkage study in 19 multigenerational families with
TSC, and found linkage between a TSC-causing gene and the ABO blood group
gene on chromosome 9q34. Following this breakthrough, the locus was named
TSC1 (tuberous sclerosis complex type 1). The lack of linkage in other families lead
to suggestions of another TSC locus (Sampson et al. 1989, Haines et al. 1991,
Northrup et al. 1992). Using polymorphic DNA markers, the TSC1 candidate region
was tracked to a 1.4Mb gene-rich (30-45 genes) region (Kwiatkowski et al. 1996).
Several of these genes were good candidates based on predicted roles in signalling
pathways, but no mutations were found in these genes in DNA from TSC patients
(van Slegtenhorst et al. 1997). To find the TSC gene, predicted and confirmed exons
from this region were screened for mutations using heteroduplex analysis. This was
done on a set of 60 DNA samples from 20 unrelated TSC families that linked to 9q34
and 40 sporadic TSC cases. The 62™ exon screened showed shifts that indicated
mutations in 10 of the 60 patient samples (Gomez et al. 1999). Sequencing of patient
DNA from TSC1 linked families confirmed truncating mutations in this exon, showing
that it was likely to be part of the TSC1 gene (van Slegtenhorst et al. 1997).

A final comparison between the genomic and cDNA clone sequences revealed the
TSC1 gene consisted of 23 exons, the last 21 of which are translated into a 130 kDa
protein product, hamartin (van Slegtenhorst et al. 1997). TSC1 has a 4.5kb 3’
untranslated region (3’'UTR), a 221bp 5’ untransiated region (5'UTR) (exons 1-3) and
3492bp coding region (exons 3 through 23) (Gomez et al. 1999).



1142 TSC2

A genome-wide search revealed a TSC gene linking to a polymorphic marker near
the autosomal dominant polycystic kidney disease type 1 (ADPKD1) locus on
chromosome 16p13 (Kandt et al. 1992). At around the same time, a family with both
TSC and autosomal dominant polycystic kidney disease (ADPKD) was found to
segregate a translocation between chromosomes 16p and 22q. While the mother
and daughter had a balanced translocation involving 16p13.3 and signs of PKD, the
son inherited an unbalanced karyotype and displayed many of the skin and CNS
symptoms of TSC in addition to renal cysts (European Chromosome 16 Tuberous
Sclerosis Consortium 1994).

Identification of the TSC2 locus was quick due to advanced mapping of 16p13.3. The
distal short arm of chromosome 16 had already been of much interest due to the
nearby a-globin gene (Deisseroth et al. 1977, Simmers et al. 1987; Buckle et al.
1988) and the PKD1 gene (Reeders et al. 1985). A cosmid contig of the 300kb
candidate region was constructed and used to generate probes. These probes,
along with puise field gel electrophoresis (PFGE) and southern blotting were used to
screen a cohort of 255 unrelated TSC patients. Deletions ranging from 30kb-100kb
were observed in 5 of these patients and all mapped to the same 120kb segment,
containing 4 genes (only one was disrupted in all 5 deletions). This candidate gene
had 4 smaller intragenic deletions revealed under further analysis, confirming the
discovery of the TSC2 gene (European Chromosome 16 Tuberous Sclerosis
Consortium 1993).

TSC2 spans ~43kb of genomic DNA, with 41 exons and an 1807 amino acid
transcript (Gomez et al. 1999). This is translated into a 198kDa protein product,
named tuberin (European Chromosome 16 Tuberous Sclerosis Consortium 1993).
Northern blotting has shown this 5.5kb transcript to be widely expressed. The gene
lies proximal to the aforementioned PKD1 gene. These are orientated 3’ to 3' and the
pair has polyadenylation signals separated by a mere 60bp.



1.1.5 Mutation analysis

Around two thirds of TSC cases are de novo (i.e. sporadic) (Sampson et al. 1989a).
TSC1 mutations are found in 10-15% of sporadic TSC cases, while TSC2 mutations
account for about 70% (Kwiatkowska et al. 1998, anes et al. 1999, Niida et al.
1999), an outcome which is perhaps a result of the larger size of the TSC2 gene (it is
1.5 times longer than TSC17) and the more complex genomic structure (it has twice
the number of splice sites, affording an increased opportunity for various types of
small mutations). However, a 4:1 ratio is higher than would be predicted from their
relative genome extents and coding regions (Cheadle et al. 2000).

Around 700 disease causing mutations have so far been discovered in TSC1 or
TSC2 (Au et al. 2007). TSC1 mutations are mainly small deletions and insertions.
The distribution of mutations in TSC2 is quite different — many large deletions and
rearrangements are detected, and missense mutations (a single base substitution
leading to a single amino acid change) are far more common (Gomez et al. 1999)
(Figure 1.1). While no ‘hotspots’ are apparent, 70% of TSC7 mutations are found
within exons 8, 9, 10, 15, 17 and 18. TSC2 has a somewhat wider distribution,
perhaps reflecting the larger number of exons (Au et al. 2007).

Six percent of TSC2 mutations are missense and found within the GAP-domain-
encoding exons 36-40 (Au et al. 2007). This would fit with the role of the GAP
domain in regulating cellular growth through promoting the inactive GDP bound state
of Rheb. A further 6% of TSC2 mutations are contained within exon 16 on codon
R611. This particular codon is known to play an important role in regulating mTOR
function and a change here has been shown to lead to major conformational
changes in tuberin (Nellist et al. 2005).

1.1.6 Genotype — phenotype correlations

1.1.6.1 A contiguous deletion syndrome involving TSC2 and PKD1

Due to the large amount of phenotypic variability in TSC, researchers have tried to
establish a link between phenotype and genotype. The most successful correlation
established so far is in the event of a contiguous deletion affecting 7SC2 and the
nearby PKD1 gene, which results in a severe renal cystic phenotype (Sampson et al.
1997). From a cohort of 27 patients with TSC and renal cystic disease, 17 were



found to have a contiguous deletion syndrome with non-mosaic deletions of the
coding regions of TSC2 and PKD1 and shared similar renal symptoms (Sampson et
al. 1997). All TSC2/PKD1 co-deletion patients had enlarged kidneys in childhood and
radiographic features resembling advanced stage ADPKD.

1.1.6.2 Is a TSC2 disease more severe than a TSC1 disease?

There is a clear over-representation of TSC2 mutations in sporadic cases of TSC (a
ratio of around 4:1 (Au et al. 2007)) when compared to familial cases (a ratio of
around 1:1) (Au et al. 2007). This would imply that patients with sporadic TSC1
mutations have a better chance of founding a family and are therefore less severely
affected by TSC-associated symptoms than those with a TSC2 mutation (Cheadle et
al. 2000). In order to back such a hypothesis, large scale clinical evaluations of TSC
patients are needed, and many studies have attempted to address this issue (Jones
et al. 1999, Dabora et al. 2001, Sancak et al. 2005, Au et al. 2007). Sancak et al.
(2005) noted a higher frequency of clinical features in males than females matched
for age. Smalley et al. (1992) has also found males with TSC to be of increased risk
of learning difficulties and autism compared to females. Dabora et al. (2001) studied
224 TSC sufferers of all ages, and showed sporadic TSC7 mutations to be
associated with a milder disease than TSC2, after matching for age. Studies by Au et
al., Dabora et al. and Sancak et al. all suggest patients with TSC2 mutations have
more severe symptoms than those with TSC7 mutations.

1.1.6.3 Intellectual disability in TSC1 and TSC2

Intellectual disability may be more frequent among sporadic TSC2 cases compared
to TSC1 (Jones et al. 1999), but others have failed to replicate this finding
(Kwiatkowska et al. 1998, Young et al. 1998, van Slegtenhorst et al. 1999), and the
issue remains a contentious one. If a difference does exist, this would go some way
to explaining the difference between sporadic and familial TSC2 cases, as a
moderate to severe intellectual handicap would undoubtedly limit reproductive
potential.

10
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1.1.7 Knudson'’'s two hit hypothesis

Biallelic inactivation of TSC?7 or TSC2 is required for most of the clinical
manifestations of TSC. This suggests the TSC genes are functioning as tumour
suppressor genes (TSGs) (Knudson 1971). Knudson's theory states how an
individual with a germline TSG mutation is more likely to acquire cancer because a
single somatic event is needed to completely remove TSG function (Figure 1.2).
Hence, we see lower numbers of tumours and later development of cancer in
sporadic cases, as both alleles must be inactivated through independent somatic
events (Knudson 1971). Loss of heterozygosity (LOH) at TSC7 or TSC2 has been
found in up to 60% of renal AMLs (Henske et al. 1996). The first hit in these cells is a
germline mutation which inactivates the wild-type copy of TSC7 or TSC2. The
second, somatic mutation inactivates the remaining wild type gene and may be
detected by LOH analysis (Gomez et al. 1999). The complete abolition of TSC
function removes any restrictive effect on cell proliferation (Tomasoni et al. 2011)
and tumourigenesis can occur.

1.1.8 Loss of heterozygosity, haploinsufficiency and 7TSC3

According to Knudson’s two hit hypothesis, TSGs such as TSC? or TSC2 would
require second hits before tumour progression (Figure 1.2). Indeed, this has been
observed in TSC-associated lesions such as SEGAs, AMLs, RCCs and cardiac
lesions (Green et al. 1994, Carbonara et al. 1994, Parry et al. 2001). However, some
lesions (brain and early renal cysts) can occur without complete removal of hamartin
or tuberin. Using Tsc1*" mice, Wilson et al. (2006) found somatic Tsc7 mutations in
~80% of renal cystadenomas and RCCs but only 31.6% of renal cysts (P<0.0003),
raising the possibility that haploinsufficiency for Tsc1 can initiate cystogenesis.
Furthermore, many cysts showed little or no staining for phosphorylated mTOR
(53%) or phosphorylated S6 ribosomal protein (37%), while >90% of cystadenomas
and RCCs displayed strong staining for these markers (P<0.0005). Examples
outside TSC have been found where haploinsufficiency can lead to tumourigenesis
(Santarosa et al. 2004). Haploinsufficiency occurs when a single functional allele
remains after a mutagenic event, but a reduction in gene dosage is sufficient to
jeopardise the tumour suppressor role played by the protein and creates
tumourigenic conditions (Santarosa et al. 2004). Various types of TSGs have been
shown to behave in this manner, such as cell cycle regulators like p27°?" and p53;
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signalling molecules like PTEN and LKB17; and genome stabilisers such as MSH2
and MAD2. Compound haploinsufficiency may also contribute to tumourigenesis,
whereby haploinsufficiency in a gene will only manifest itself in a context of other
genetic changes. Why some lesions in TSC may develop through haploinsufficiency
while others require second hits is unknown. Tissue specific differences, perhaps
together with compound haploinsufficiency brought on through differential gene
expression may explain this.

Some groups have tentatively suggested a third TSC gene (TSC3), with a protein
product associated with the TSC complex (Jézwiak et al. 2008). Somatic mutation at
this additional site may amount to a critical hit to the activity of the TSC complex and
dysregulate downstream signalling, creating tumourigenic conditions. A TSC3 locus
would also account for the relatively poor mutation detection rates in TSC
(Kwiatkowski 2005) although many groups stress the lack of material evidence for
this additional gene.

Some heterozygous TSC lesions may be developing through a combination of the
loss of a single TSC allele and alternative pathogenic mechanisms (Henske et al.
1996, Niida et al. 2001). In TSC brain lesions, the presence of wild-type hamartin
and tuberin is typical (J6zwiak et al. 2008). Work on TSC brain lesions by Han et al.
(2004) identified a mechanism of post-translational inactivation of tuberin to account
for this discrepancy. Because abnormal activation of Akt and MAPK pathways is
common in brain tumours, it has been proposed that a functional copy of TSC2
remains in these cells, but the protein product will be inactivated through
inappropriate phosphorylation (Han et al. 2004). It has previously been shown that
Akt can phosphorylate tuberin and inhibit tuberin-hamartin function (Inoki et al.
2002), thereby deregulating mTOR activation without additional somatic mutations at
the TSC loci. Whether a similar mechanism of TSC1/2 silencing occurs in other
heterozygous lesions remains to be seen, but it is unlikely all mechanisms of disease
progression in TSC can be accounted for by loss of mTOR control.
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1.1.9 Mosaicism

Mosaicism occurs when a fraction of the cells making up an organism (rather than
every cell) contain a particular DNA mutation, for example, when a mutation arises
during developmental of a fertilised egg (Roberts et al. 2004). In TSC mosaicism, a
fraction of the patient’s cells contain a TSC71 or TSC2 mutation. Due to the high
mutation rate in these genes (illustrated by the high levels of de novo mutations)
TSC mosaicism is relatively likely (Gomez et al. 1999). The extent to which the
mutation is present in cells of the patient will modify the clinical features of TSC
(Figure 1.3). This will be a function of when the initial mutation occurred - if the de
novo change arose late on in development in a small population of cells there may
be little clinical manifestation (Gomez et al. 1999). Mild TSC clinical features have
been seen in cases of 13% and 15% mosaicism (Jones et al. 2001). Both somatic
and germline mosaicism for pathological mutations in TSC1 and TSC2 have been
described in numerous patients (Cheadle et al. 2000).

Low level mosaicism may explain the poor detection rate of TSC?1 or TSC2
mutations in patients with a clear diagnosis of TSC (around 85% in studies by
Sancak et al. 2005, Jones et al. 1999, Dabora et al. 2001). Studies have shown
some TSC mutations to be missed by direct sequence analysis of PCR products
(Jones et al. 2001). Alternatively, the presence of a third TSC gene may account for
this persistent subgroup of around 15% of TSC patients across several studies that
do not have detectable mutations (Kwiatkowski 2005). This small subset invariably
has milder symptoms than those with identified mutations (Dabora et al. 2001,
Sancak et al. 2005). Qin et al. have recently used an ultradeep sequencing
technique to screen a cohort of TSC patients without a confirmed mutation. They
found 2/33 (6%) had TSC2 mosaicism, and a further 5 had non-mosaic TSC2
mutations missed the first time. The study concluded that mosaicism may not
account for the majority of unidentifiable TSC mutations (Qin et al. 2010). However,
evidence is stacked in favour of TSC1/2 being the sole genes responsible for TSC
(Kwiatkowski 2005) and it may be a failure to detect mosaicism at levels <2% in
patients, or simply missing intronic mutations with splicing importance, that accounts
for the majority of these unidentifiable mutations (Qin et al. 2010).
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1.1.10 Biochemistry of the TSC proteins

Hamartin and tuberin are evolutionarily conserved proteins that share little homology
to one another or to other proteins (Huang et al. 2008). Much research has been
conducted on the various domains of these proteins, with the rap1 GTPase-
activating protein domain of TSC2 being the best characterised to date. Early work
has shown the two proteins to form a functional complex (van Slegtenhorst et al.
1998) of around 450kDa which is predominantly cytosolic (Nellist et al. 1999).

1.1.10.1 Hamartin

Northern blot analysis of TSC7 gene expression has shown the transcript to be
widely expressed, particularly in skeletal muscle (van Slegtenhorst et al. 1997).
Hamartin is a generally hydrophilic 1164 residue (130kDa) protein, with targets for
several kinases and phosphatases. It has been localised to cytoplasmic vesicles and
also the centrosome (Plank et al. 1998, Astrinidis et al. 2006).

Compared to tuberin, very little is known about the function of hamartin, but the fact
that patients with TSC7 and TSC2 mutations have such similar symptoms would
imply hamartin is essential to the function of tuberin (Astrinidis et al. 2005). A C-
terminal binding domain allows hamartin to form heterodimers with tuberin and this
interaction could direct subcellular localisation of tuberin, or it may have a more
direct role, such as activating tuberin’s functional domain (Astrinidis et al. 2005).
Through the ezrin-radixin-moezin (ERM) family interacting domain, it is able to
physically link with several actin-binding proteins, and a loss of hamartin can result in
defects in cell-matrix adhesion (Lamb et al. 2000). Hamartin can form homodimers
(Nellist et al. 1999) through a coiled-coil domain. This self-aggregation is inhibited
through tuberin binding and may be an important level of control in mammalian
target of Rapamycin (mTOR) signalling. A portion of the protein is able to interact
with neurofilament-L (NF-L) (Haddad et al. 2002) which, along with the ERM-family
interacting domain, may imply a role as a scaffolding protein in the localisation of
tuberin (Astrinidis et al. 2005). Additional domains and functions are listed in Figure
1.4 and Table 1.4.
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1.1.10.2 Tuberin

Tuberin is an 1807 residue (198kDa) protein. Northern blot data indicates expression
in a wide variety of human and rodent tissues, especially the brain, heart, kidney,
cerebellum and developing spinal cord (European Chromosome 16 Tuberous
Sclerosis Consortium 1993, Geist et al. 1995). This expression pattern overlaps with
hamartin (i.e. the brain, heart, lungs, liver, adrenal gland, gut, pancreas and prostate
(Johnson et al. 2001)) but is not identical (Fukuda et al. 2000). Subcellular tuberin is
present throughout the cytoplasm, but also localised to the Golgi apparatus
(Wienecke et al. 1996). A subset of tuberin is nuclear (Lou et al. 2001).

1.1.10.2.1 Tuberin functions as a GTPase activating protein

A C-terminal region of tuberin shares significant homology with the rap1 GTPase-
activating protein (GAP). This homology covers around 160 amino acid residues
(Maheshwar et al. 1997) encoded by exons 36-40 (Au et al. 2007). In general, GAP
domains function to inhibit the signalling of Ras-related family of small G-proteins,
which includes Rap1, Rab5 and Rheb (Ras homolog enriched in brain) (Inoki et al.
2003). This family of proteins can bind GDP (guanosine 5'-diphosphate) and GTP
(guanosine 5'-triphosphate), and act as molecular switches, with the GTP-bound
form being able to transduce signals. It was initially thought tuberin functioned as a
GAP for rap1, but this was subsequently shown to not be the case (European
Chromosome 16 Tuberous Sclerosis Consortium 1993). It is now known that
tuberin’s GAP domain (active only when in a heterodimer with hamartin (Rosner et
al. 2008)) has a strong affinity for Rheb, a potent regulator of mTOR signalling (Tee
et al. 2003). Rheb has an intrinsic GTPase domain that slowly converts GTP to GDP,
but upon interaction with the tuberin/hamartin GAP domain, this process is rapidly
increased, effectively switching off mTOR signalling by preventing Rheb-GTP
induced formation of TORC1’s active conformation (Tee et al. 2003, Avruch et al.
2006). Additional information on domains and functions are listed in Figure 1.5 and
Table 1.4.
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Table 1.4 The domains of hamartin and tuberin

Hamartin
Protein Domain Function
Transmembrane Shown to localise hamartin to the membrane of cytoplasmic vesicles
(127-144) (Plank et al. 1998); points to a role in vesicular trafficking.
Rho GTPase Activates the small GTP-binding protein Rho (Lamb et al. 2000),
activating domain thereby regulating cytokine-induced reorganisation of the actin
(145-510) cytoskeleton (Astrinidis et al. 2002)

Tuberin binding
(302-430)

NF-L interaction
domain (674-1164)

Heterodimerisation with hamartin to form a functional complex
capable of repressing mTOR signalling (Hodges et al. 2001).

Coiled coil
(730-996)

Capable of binding neurofiament-L and anchors neuronal
intermediate filaments to the actin cytoskeleton (Haddad et al. 2002).

Allows homodimerisation and self aggregation with other hamartin
molecules. Disrupted by tuberin interaction (Nellist et al. 1999).

ERM interaction
.| domain (881-1084)

Region interacts with ERM proteins, a group of cytoskeletal anchors.
Hamartin is required for cell-matrix adhesion (Lamb ef al. 2000).

Tuberin

Protein Domain

Function

Hamartin binding
(1-418)

High affinity binding with hamartin, specifically with the tuberin
binding domain at residues 302-430 (Hodges et al. 2001).

Leucine zipper
(81-98)

Motif known to be involved in protein-protein interactions (European
Chromosome 16 Tuberous Sclerosis Consortium 1993).

Coiled coil (346-
371; 1008-1021)

Motifs outside the hamartin binding domain required for hamartin
interaction (van Slegtenhorst et al. 1998; Hodges et al. 2001).

Transcriptional
activation domains
(1163-1259; 1690-

The presence of two transcriptional activation domains, along with
cellular localisation data, suggests a direct role for tuberin as a
transcriptional regulator (Tsuchiya et al. 1996). The first domain

1743) (1163-1259) is the more potent of the two.
| GTPase activating || A key domain in the repression of mTOR signalling — able to activate
protein (1517- the intrinsic GTPase properties of Rheb (European Chromosome 16
1674) Tuberous Sclerosis Consortium 1993).

Calmodulin binding
(1740-1755)

Interaction with the calcium-binding protein, calmodulin. A key
regulator of cell signalling (Noonan et al. 2002).

PATJ interaction
domain
(1538-1758)

Creates a direct link between tuberin and the Crumbs (CRB)
complex, and allows PATJ, a key polarity protein, to exert control
over the mTOR signalling pathway (Massey-Harroche et al. 2007).
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1.1.10.3 The tuberin-hamartin complex

Hamartin and tuberin physically interact to form a heterodimeric cytosolic complex
(Nellist et al. 1999) that functions in a common signalling pathway as a key repressor
of the mTOR complex (Orlova et al. 2010). This dimerisation is mediated through N-
terminal specific binding motifs (Hodges et al. 2001). The interaction with tuberin has
been previously shown to be important for the stability of hamartin and prevents self-
oligomerisation (Nellist et al. 1999). In return, hamartin is able to prevent
ubiquination and subsequent degradation of tuberin (Benvenuto et al. 2000). Tuberin
and hamartin also contain multiple phosphorylation sites for a range of kinases, the
action of which has been shown to regulate the formation of the complex (Astrinidis
et al. 2005). Through integration of these signals, and by funnelling them through a
dichotomous event (activation or repression of Rheb and therefore mTOR), the
TSC1-TSC2 complex acts as a molecular switchboard (Figure 1.6). It controls a
bottleneck in the mTOR signalling pathway, where many signals converge, before
the numerous targets of active mTOR lead to signal divergence and widespread
downstream effects (Huang et al. 2008). The tuberin-hamartin complex functionality
may reside within tuberin’s GAP domain, but clearly the interaction with hamartin is
well regulated and required for optimal function. The GAP activity of tuberin is
boosted dramatically when in a complex with hamartin (Tee et al. 2003).
Phosphorylation of hamartin by cyclin-dependent kinase-1 (CDK1) disrupts this
interaction and markedly reduces tuberin GAP activity during the G,/M phase of the
cell cycle (Astrinidis et al. 2003).
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1.1.10.4 The mTOR pathway

The Tor (target of Rapamycin) genes were originally described in yeast as a set of
proteins that were responsive to the immunosuppressive drug Rapamycin (Heitman
et al. 1991). The TOR proteins are serine/threonine kinases of the phosphoinositide
3-kinase-related kinase family, with orthologues present in all eukaryotes (Huang et
al. 2008) including mammais (MTOR) (Inoki et al. 2005). TOR has a conserved role
in control of cell growth, proliferation, survival and metabolism in response to nutrient
and growth signals (Tee et al. 2005). This is carried out through regulation of
translation, transcription, mMRNA and protein stability, actin cytoskeleton organisation
and autophagy (Inoki et al. 2005). mTOR functions in two separate complexes on
two pathways — mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2).
mTORC1 is well characterised and consists of mMTOR, regulatory associated protein
of mMTOR (Raptor) and LST8 (lethal with SEC13 protein 8). Rapamycin acts on this
with high specificity. The Rapamycin-insensitive form, mTORC2, is composed of
mTOR, Rapamycin-insensitive companion of mTOR (Rictor), SIN1 (stress activated
protein kinase interacting protein 1) and LST8. Little is known about mTORC2, other
than that it can regulate aspects of the actin cytoskeleton by acting upstream of Rho
GTPases (Jacinto et al. 2004) and has Akt as a direct target (Sarbassov et al. 2004).
mTORC1 has two classes of downstream targets- the ribosomal S6 kinases, S6K1
and S6K2, and eukaryotic initiation factor 4E (elF4E)-binding protein (4e-BP1)
(Huang et al. 2008). Activated S6K will phosphorylate a range of targets to promote
mRNA translation and increased ribosome biogenesis (Astrinidis et al. 2005). Upon
phosphorylation of 4e-BP1 by mTORCH1, its release is triggered from elF4E at the
methyl-GTP cap of mRNAs, leading to cap-dependent translation (Gingras et al.
2001).

1.1.10.5 mTOR syndromes

Mutation in the TSC proteins leads to mTOR dysregulation and widespread benign
tumour growth. This is largely down to mTOR'’s central role in regulation of cell
growth (Inoki et al. 2005). However, mutations in other genes have been linked to
the mTOR pathway and Table 1.5 lists examples from the literature and Figure 1.7
llustrates the signalling networks involved.
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1.1.11 Treatments

Loss of TSC1 or TSC2 leads to dysregulated mTOR signalling, and so TSC
treatment has primarily focused on Rapamycin (also called Sirolimus), a natural
inhibitor of mMTOR (Tee et al. 2003). It has antibiotic properties and anti-fungal,
potent growth-inhibitory, anti-inflammatory and immunosuppressive functions. It was
first used for this latter property following organ transplants. It is an analogue of the
macrolide antibiotic FK506 (Abraham et al. 1996) and by binding to the receptor
protein FKBP12, and subsequently mTOR, it is able to specifically inhibit TOR
function (Inoki et al. 2005). Farnesyltransferase inhibitors and angiogenesis inhibitors
are also under active consideration for TSC treatment (Kwiatkowski 2003).
Angiogenesis inhibitors may be of clinical value as many of the TSC-associated
lesions are characterised by aberrant vascular channels, likely to arise through the
expression of VEGF by Tsc7 or Tsc2 null cells (Kwiatkowski 2003).

Rapamycin use in an Eker rat model of TSC demonstrated reductions of ribosomal
S6 kinase activity, smaller cell sizes, induction of apoptosis and a promising
decrease in renal tumour size (Kenerson et al. 2005). Although a clear effect is
observed on the progression of these TSC lesions, little or no reduction was found in
the number of microscopic precursor lesions. This suggests that mTOR activation
may be necessary for lesion progression but other pathways drive tumourigenesis
(Kenerson et al. 2005). A reduction in subcutaneous tumours was observed by
Rauktys et al. (2008) in a nude TSC mouse model following topical application of
Rapamycin. This gives hope for the treatment of disfiguring skin lesions in TSC
patients.

Human trials with Rapamycin have started to generate results. A small scale MRI
study involving 5 patients that looked at the effects of Rapamycin on SEGAs found
regression in all lesions (Franz et al. 2006). A larger study was conducted over 2
years by Bissler et al. (2008) with 12 months on and 12 months off Sirolimus. The
study focused on AMLs from TSC patients and sporadic LAM cases, using MRI and
CT scans to measure changes in tumour volumes, and pulmonary function tests to
compliment the LAM findings. AMLs were found to regress under the 12 months of
drug administration, but enlarged once treatment was stopped. Some of the LAM
patients showed improved lung function after treatment (Bissler et al. 2008). Another
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2 year trial by Davies et al. (2008) demonstrated reduction of AML volume in TSC
patients treated with Sirolimus. On the basis of these promising results, randomised
control trials have been initiated to test Rapamycin in a range of TSC or LAM-related
clinical problems (Davies et al. 2010).

Several concerns have been raised with Rapamycin treatment in TSC. Long term
use is undesirable because of the immunosuppressive nature of Rapamycin (Franz
et al. 2006). Unfortunately, TSC is a long term condition, and a short Rapamycin
course may not be clinically effective, with several studies showing tumour regrowth
once treatment is stopped (Bissler et al. 2008, Franz et al. 2006). Side effects also
include a dose dependant reduction in blood platelet count (Murgia et al. 1996),
ulcers, diarrhoea and upper respiratory tract infections (Bissler et al. 2008). The
discovery of the Akt feedback loop (Manning 2004) has raised further questions over
the safety of Rapamycin treatment. Rapamycin-mediated mTOR inhibition induces
negative feedback activation of Akt (Wan et al. 2007). Since Akt is one of the most
frequently hyperactivated protein kinases in human cancer and associated with
resistance to apoptosis and increased cell proliferation (Wan et al. 2007), doubts
remain as to whether this is something desirable to stimulate in patients. However,
clear advantages may remain from Rapamycin treatment, as it would also shut down
aberrant activation of elF4E and cap-dependant translation. Several studies have
shown elF4E to be a potent oncogene (Mamane et al. 2004), and possibly at the
heart of tumourigenesis in mMTOR overexpression syndromes (Manning 2004). In this
case, Rapamycin would block the primary cellular process that drives tumour growth.

1.1.12 TSC models

The multi-systemic phenotype associated with TSC is a testament to the widespread
importance of the TSC genes, and the high variability seen in the clinical
manifestations demonstrate the intricate nature of signalling that surrounds the
proteins. Rodent models have proved invaluable in studying human genetic disease
for many reasons. They can provide an insight into mechanisms of disease, and
allow the development of therapeutic targets which can be translated into human
patients. Additional advantages include the ability to inbreed strains, the ease of
handling and husbandry.
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1.1.12.1 Eker rat

The first genetic model of TSC was described in the 1950s (Eker 1954, Eker et al.
1961) and arose spontaneously through germline inactivation of a TSC2 allele. It
served as a model of RCC (Pan et al. 2004, Kobayashi et al. 1997) before
sophisticated methods existed to recapitulate carcinogenic phenotypes with precise
gene targeting. A homozygous Eker mutation is embryonically lethal at E10-12 days,
indicating the importance of TSC2 in development (Everitt et al. 1995). Heterozygous
rats are born healthy but go on to develop kidney lesions such as cysts, branching
cysts and cyst adenomas within 12 months (Eker et al. 1981). These lesions develop
from altered renal tubules, which start to appear after around 2 months (Hino et al.
2002). The RCCs seen are part of a wider cancer syndrome consisting of
haemangiomas of the spleen, reproductive tract leiomyomata and vascular
neoplasms (Everitt et al. 1992). The mutation has been mapped to 10q12, and
consists of a 6.3kb retrotransposon insertion into an intronic sequence of Tsc2 (Hino
et al. 2002) which leads to aberrant RNA expression from this gene and no stable
tuberin being produced from the mutant allele (Kobayashi et al. 1995). The nearby
Pkd1 gene, located in a tail-to-tail orientation as in humans, is unaffected in this
model (Hino et al. 2002).

The stages of renal carcinogenesis can be observed in the Eker rat. Initially,
abnormal renal tubules will appear after 2 months and are characterised by partial
replacement of the tubular epithelium with cells that are enlarged and have abnormal
nuclei. These tubules develop into foci of overproliferative cells, then onto adenomas
(Hino et al. 2002). With time, these lesions may progress to carcinomas, with a small
minority becoming malignant and metastasize to the lungs, pancreas and liver (Eker
et al. 1981).

Kobayashi et al. (1997) detected LOH in many neoplastic lesions from the rat model,
including very early and preneoplastic renal tubules. This led them to suggest that a
somatic mutation in the wild-type allele of Tsc2 was a rate-limiting step for renal
carcinogenesis in the Eker rat. In spontaneous renal carcinomas from the Eker rat,
around 60% show LOH (Kubo et al. 1994), demonstrating consistent loss of the wild-
type Tsc2 allele.
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1.1.12.2 Tsc1 knockout mouse

Several different knockout alleles in Tsc7 have been developed, with the most recent
model (Wilson et al. 2005) exhibiting a more severe phenotype than the two existing
mouse lines (Kobayashi et al. 2001; Kwiatkowski et al. 2002).

Wilson et al. (2005) engineered a functionless allele of Tsc71 by replacing part of
exon 6 and all of exons 7 and 8 with a B-Galactosidase reporter/neomycin selection
cassette. Tsc1™ mice from this strain were found to be unviable past E13, as was the
case with the other Tsc7 mouse models (Kobayashi et al. 2001, Kwiatkowski et al.
2002). Examination of Tsc1” embryos revealed them to be developmentally retarded
and prone to neural tube closure defects.

Strain background may have profound effects on the number and severity of renal
lesions in Tsc1* mice (Wilson et al. 2005). When matching for age at 3-6 months, it
was found that significantly more Tsc7*" mice on a C3H background experienced
some form of renal lesion (44%) compared to those from Balb/c (13%) or C57BL/6
(8%) strains. Interestingly, a high incidence of renal cell carcinoma (80%) in Tsc1*"
Balb/c mice was detected at 15-18 months, far higher than the other backgrounds.
However, regardless of background, all Tsc7*" mice were found to have microscopic
renal lesions by 15-18 months (Wilson et al. 2005). Lesions found at this age range
included cysts, cysts with papillae projections, branching cysts with branching
papillae projections and solid carcinomas. These were noted to undergo a clear
progression from small cysts to renal cell carcinomas. LOH at the wild-type Tsc17
locus was found in 5 of 12 renal lesions (Wilson et al. 2005), while Kobayashi et al.
(2001) reported LOH in 2 of 6 lesions, implying a second hit in Tsc7 may lead to
renal tumour initiation / progression.

1.1.12.3 Tsc2 knockout mouse

In 1999, two separate Tsc2* mouse lines were reported and found to display
identical phenotypes (Onda et al. 19 99, Kobayashi et al. 1999). Both removed
germline Tsc2 function through targeting exon 2. A third null Tsc2 allele has since
been developed through deletion of exons 2-4, and phenotypically, the resultant
mice appear to be similar (Hernandez et al. 2007).
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As in Tsc1” mice, Tsc2” mutant embryos die in utero between E9.5 and E12.5.
Many demonstrate open neural tubes and are significantly less developed than
Tsc2*" littermates (Onda et al. 1999, Kobayashi et al. 1999). The primary cause of
foetal death appeared to be liver hypoplasia, although cardiac hypertrophy was also
seen.

Renal lesions in Tsc2'" mice develop by 6-12 months (100% penetrance by 15
months) and progress as the mouse ages (Onda et al. 1999, Kobayashi et al. 1999).
As in Tsc1*" kidneys, examination of these lesions revealed a mix of pure cysts,
cysts with papillae projections and solid adenomas. These cysts arise from the
cortical region of the kidney and have similar expression profiles to collecting duct
interstitial cells (Onda et al. 1999). Liver haemangiomas were noted in 50% of Tsc2*"
mice at 18 months, characterised by smooth muscle cell proliferation and large
vascular spaces (Kwiatkowski et al. 2010). This liver phenotype appears to be strain
specific, with the incidence much higher in Tsc2"- 129 / SvJae mice (Kwiatkowski et
al. 2010). LOH of Tsc2 was noted in 9 of 37 renal cystadenomas and carcinomas,
and 7 out of 14 liver haemangiomas (Onda et al. 1999). As with Tsc7, these results
imply loss of remaining wild-type Tsc2 can lead to tumour development in several
organs.

1.2 Autosomal dominant polycystic kidney disease

Autosomal dominant polycystic kidney disease (ADPKD) (MIM 173900) is the
commonest form of inherited renal cystic disease (Torres et al. 2007). It is estimated
to occur in around 1 in 1000 live births (Dalgaard et al. 1957). Primarily, it is a
disease of the kidneys, but extra-renal manifestations include cysts in other organs

such as the liver, seminal vesicles and pancreas.

1.2.1 History and epidemiology of ADPKD

Prior to a study by Dalgaard confirming the autosomal dominant nature of
inheritance (1957), ADPKD was known as adult polycystic kidney disease. Drawing
from a Danish population, the incidence of ADPKD was placed by Dalgaard at 1 in
1000. A more recent study in Olmsted County, MN, USA confirmed this level of
incidence (lglesias et al. 1983). Thousands of people every year succumb to end
stage renal disease (ESRD) as a result of ADPKD (Torres et al. 2007).
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1.2.2 Clinical manifestations of ADPKD

It is possible to subdivide ADPKD into two types, depending on the mutated gene
(PKD1 or PKD2). In ADPKD type 1 (PKD1) disease progression may be more rapid
but in most other ways, ADPKD type 1 and 2 share identical features (Sutters et al.
2003).

1.2.2.1. Renal manifestations

The development and enlargement of renal cysts eventually gives rise to many of the
morbidities of ADPKD (Torres et al. 2007). Main complications include renal failure,
back pain, cyst haemorrhage and infection (Zhou et al. 2008). The occurrence of
these cysts is age dependent and occurs in all ADPKD patients. Renal function
deteriorates as cysts compress and destroy normal renal parenchyma (Sutters et al.
2003). Sex is known to play a role in disease progression, as men have higher rates
of cystic expansion than women (Harris et al. 2006). Interestingly, an MRI study by
Grantham et al. (2006) found that while PKD1 kidneys had more cysts and were
larger than those in PKD2, there was no difference in the rates of cystic growth over
time. This suggests the disease gene may modulate cyst initiation but not

progression.

Renal cyst numbers do not tend to exceed one or two in people under the age of 30,
but by the age of 50, these same patients may have a cystic load of hundreds. As a
result, ADPKD kidneys can reach 40cm in length (compared to 10-12cm in
unaffected individuals) and be around 10 times heavier (8kg compared to 500g in
unaffected individuals) (Gabow et al. 1993). Kidney cysts are derived from the
epithelial cells lining renal tubules, and can develop in all areas of the nephron and
collecting ducts (Torres et al. 2006). 80% of 70 year old patients with ADPKD will
develop ESRD (compared to under 5% in sufferers under 40 years old) (Zhou et al.
2008).

1.2.2.2. Hepatic manifestations

Aside from renal manifestations, ADPKD only ranks behind haemochromatosis in
terms of inherited disorders involving the liver (D’Agata et al. 1994). As in the kidney,
the number and prevalence of hepatic cysts will increase with time, and by the age of
60, 80% of ADPKD sufferers will have hepatic cysts (Gabow et al. 1990). Men and
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women with ADPKD have similar chances of developing hepatic cysts, but women
can expect greater numbers of lesions and larger sizes (Gabow et al. 1990, Everson
et al. 1993, Everson et al. 1990). Consistent with this hormonal component, severe
hepatic disease correlates both with puberty (Gabow et al. 1990), pregnancy and
use of female steroid hormones (Qian et al. 2003).

Patients that develop small hepatic cysts (<2cm) will tend to remain asymptomatic,
while larger cysts will commonly present with abdominal pain, early postprandial
fullness or shortness of breath. Cysts have a risk of haemorrhage, infection or post-
traumatic rupture (Telenti et al. 1990). Large scale cystic expansion can also lead to
symptoms consistent with advanced liver disease, such as portal hypertension and
variceal haemorrhage (Everson et al. 2004).

The hepatic cysts in ADPKD arise from intrahepatic cholangiocytes derived from bile
ducts that have become dilated (Masyuk et al. 2006). Hepatic cyst epithelium is
known to retain a biliary phenotype, and remains able to secrete fluid into a
developing cyst lumen (Masyuk et al. 2006). Oestrogen receptors are also present in
the epithelium lining (Alvaro et al. 2006), rendering the cysts sensitive to oestrogen-
mediated cell proliferation.

1.2.2.3. Other manifestations

The main pathology in ADPKD of progressive bilateral renal cystogenesis leads to
several other morbidities. Hypertension (blood pressure over 140/90 mm Hg) is a
concern in ADPKD, and is present in 50% of patients aged 20-34 years. As these
patients age and develop ESRD, hypertension incidence rises to almost 100%
(Kelleher et al. 2004). Stretching and compression of vasculature due to cyst
expansion is thought to cause ischemia and lead to subsequent activation of the
renin-angiotensin system, raising blood pressure (Gabow et al. 1990).

Pain is common in adults with ADPKD (60%) (Bajwa et al. 2004). Events such as
cyst haemorrhage and infection are known sources of pain in ADPKD (Torres et al.
2007). Kidney stones occur at an increased frequency (around 20%) and these are
very painful to excrete (Torres et al. 1993).
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1.2.3 Diagnosis of ADPKD

With a positive family history for ADPKD, diagnosis will be based around imaging
testing (Torres et al. 2007). Due to low cost and high safety (compared to MRI or
CT), renal ultrasonography is commonly used for detecting ADPKD (Pei et al. 2010).
An age graded ultrasound criteria for ADPKD has been established (Ravine et al.
1994), but in younger patients, small cysts may escape sonographic detection
(especially for patients with milder PKD2).

Where imaging results are contentious, genetic testing (linkage analysis or direct
mutation screening) for ADPKD can be used (Pei et al. 2010). However, the large
size and complexity of PKD71 makes molecular testing by direct DNA analysis a
challenge (Torres et al. 2007). Linkage analysis is an option in less than 50% of
cases, because it requires the consent of a reasonably sized family. Furthermore,
family participants must all have a definite clinical diagnosis. It also cannot be used if
the proband has a de novo mutation (Pei et al. 2010). In contrast, direct mutation
analysis involves sequencing the entire coding regions of both PKD1 and PKD2.
While more expensive, this method does have the advantage of only requiring one
blood sample. Definite disease causing mutations are only found in 40-60% of
cases, with likely disease causing mutations making an additional 26-37% (Rossetti
et al. 2007, Garcia-Gonzalez et al. 2007).

1.2.4. Treatment options for ADPKD

Treatment of ADPKD centres on reducing morbidity and mortality due to
complications of the disease (Torres et al. 2007). Hypertension is treated with ACE
inhibitors or angiotensin receptor blockers. These have a low side-effect profile,
reduce blood pressure and have been shown to increase renal blood flow (Chapman
et al. 1990, Torres et al. 1991, Watson et al. 1992).

Pain arising due to ADPKD will need further investigation before treatment, as a
number of non-ADPKD related causes could be responsible (infections, tumours and
stones) (Torres et al. 2007). Acute episodes of pain can be dealt with by narcotic
analgesics, but these are not recommended for long term use. Lifestyle modification
to avoid unnecessary strain may help too. If pain management fails, cyst surgery is
an option (Torres et al. 2007, Elzinga et al. 1992).
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Cyst haemorrhages can often be managed by bed rest, analgesics and hydration
(Torres et al. 2007). Occasionally the resulting drop in haematocrit following rupture
will require hospitalisation, transfusion and arterial embolisation. Cysts that become
infected are hard to treat (Elzinga et al. 1996) because of poor antibiotic penetration
to the lesion, but lipophilic agents can help.

ADPKD patients on dialysis for ESRD often do well due to relatively high
concentrations of erythropoietin and haemoglobin (Abbott et al. 2002). However,
transplantation is the treatment of choice for ESRD in ADPKD. This can be limited to
the kidneys, or in tandem with a new liver.

No curative or preventative therapy exists for the polycystic liver disease
experienced by ADPKD patients (Masyuk et al. 2006). Symptomatic relief is limited
to surgical intervention, and includes aspiration of cyst fluid, cyst fenestration, liver
resection and organ transplant (Everson et al. 2004, Shneider et al. 2005).

1.2.4.1. Rapamycin in ADPKD treatment

The mTOR pathway is regulated by polycystin-1 (Shillingford et al. 2006) and mTOR
has been shown to be aberrantly activated in ADPKD (Shillingford et al. 2010).
Studies using mTOR inhibitors in animal models of PKD have shown promising
results, with inhibition of renal cyst growth, regression of kidney size and
preservation of renal function (Shillingford et al. 2006, Tao et al. 2005, Wahl et al.
2006). Clinical trials are underway to test the response of ADPKD-associated cysts
to mTOR inhibitors in humans (Walz et al. 2006, Serra et al. 2007). Data from a
clinical trial of Sirolimus has been shown to reduce polycystic liver volume in ADPKD
patients (Qian et al. 2008), implying that mTOR inhibition may hold therapeutic
options in the future.

1.2.5 Identification of the ADPKD genes

ADPKD is caused by mutations in at least two genes: PKD1 and PKD2. The first
locus to be localised (Reeders et al. 1985) was PKD1 to the short arm of
chromosome 16, but families soon emerged that had no linkage to markers on
chromosome 16p (Kimberling et al. 1988, Romeo et al. 1988). A second ADPKD
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locus (PKD2) was subsequently found on chromosome 4q13-q23 (Peters et al. 1993,
Kimberling et al. 1993).

1.2.5.1 The PKD1 gene

PKD1 (chromosomal region 16p13.3) is roughly 53kb in length and split into 46
exons. Exon 15 is the largest of these and exons 1 and 2 are separated by a large
intron of 15kb. The mMRNA transcript is 14.5kb (The International Polycystic Kidney
Disease Consortium 1995). The translational product of PKD1 is polycystin-1 (PC1).

1.2.5.2 The PKD2 gene

PKD2 (chromosomal region 4q13-q23) is considerable smaller than PKD1, being
approximately 68kb in length and split into 15 exons. The mRNA transcript is 5.4kb
long, which encodes a 968 amino acid product, polycystin-2 (PC2) (Mochizuki et al.
1996).

1.2.5.3 A third PKD locus?

Several families with a clinical diagnosis of ADPKD have been discovered with no
linkage to PKD1 or PKD2 (Daoust et al. 1995, de Almeida et al. 1995, Turco et al.
1996, Ariza et al. 1997). Although tempting to attribute such a finding to a third,
unidentified ADPKD locus, other factors may explain the lack of linkage. Human
error is possible - genotyping errors, sample mix ups and misdiagnosis
(phenocopies and non-penetrance) (Paterson et al. 1998, Paterson et al. 1999).

1.2.6 Mutation analysis of ADPKD

ADPKD is genetically heterogeneous, with mutations in PKD1 and PKD2 making up
~85% and ~15% respectively of the pedigrees identified (European Polycystic
Kidney Disease Consortium 1994, Mochizuki et al. 1996). A handful of rare, unlinked
families have been discussed previously. The de novo mutation rate for PKD1 has
been estimated at 1.8 x 10° per generation (Rossetti et al. 2001), although other
studies have placed it as high as 6.9 x 10™° (Dobin et al. 1993). Rossetti et al. (2001)
found no mutation hotspots, with variants spread throughout exons 1 to 46. Most of
the changes were protein truncations through nonsense mutations (32%), insertions
or deletions (29.6%) or splicing changes (6.2%). Large deletions are rare but result
in deletion of the adjacent TSC2 gene and severe infantile cystic kidney disease
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(Brook-Carter et al. 1994, Laas et al. 2004). PKD2 has a similar heterogeneity in
mutation clusters (Rossetti et al. 2007), but a lower mutation rate (Rossetti et al.
2001). This may be because a large number of different mutation seem able to
cause PKD1, and PKD1 itself is a large mutational target (12,906bp coding region).
Also, PKD1 is unusually CpG rich, meaning it contains more highly mutable
sequences (Rossetti et al. 2001). Clinical bias may exist, as PKD1 disease is more
severe than PKD2, it is more likely to come to clinical attention. PKD2 is often
subjected to truncating mutations (as in PKDT), with up to 91.5% of mutations
causing a truncated protein product (Rossetti ef al. 2007) (Figure 1.8).

1.2.7 Genotype / phenotype correlations

The phenotypes arising from ADPKD are highly variable in penetrance, both in terms
of the severity of renal disease and the characteristics of any associated extra-renal
lesions (Rossetti et al. 2007). However, PKD1 mutations will generally result in a
more severe disease than PKDZ2. This includes a younger age of clinical
presentation and accelerated kidney failure, with ESRD occurring around 20 years
earlier (54.3 years versus 74 years) (Hateboer et al. 1999, Torra et al. 1996).

Clinical variability, the lack of mutation hotspots and a wide range of mutations have
made specific genotype / phenotype correlations hard to make in ADPKD (Gallagher
et al. 2011). However, it appears mutations in the &' region of PKD1 (0-7812bp) lead
to more severe disease (earlier onset of ESRD) compared to patients with 3’
mutations (7812bp and on) (Qian et al. 2002, Rossetti et al. 2002, Watnick et al.
1999). It also appears that splice site mutations tend to result in a milder renal
phenotype than other mutation types (Magistroni et al. 2003).

Sex also plays a significant role in ADPKD progression. Male gender has been
associated with a poorer outcome in PKD17-linked families (Gabow et al. 1992).
Similarly, female ADPKD2 sufferers had a later average age of ESRD compared to
males (76.0 years versus 68.1 years) (Rossetti et al. 2007). This perhaps correlates
with the data obtained from MRI studies of kidney volume and cyst size that show
the rate of cystic expansion to be higher in men than women (Harris et al. 2006).
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1.2.8 Loss of heterozygosity and haploinsufficiency in ADPKD

The renal cysts associated with ADPKD are focal and sporadic (Pei et al. 2001).
These lesions also form in an age-dependent manner (Gabow et al. 1991),
consistent with a ‘two-hit' process (analogous to Knudson's classic model for
carcinogenesis) (Reeders 1992). Independent studies have reported ADPKD cysts
are monoclonal, with LOH found in 17-24% of those sampled (Qian et al. 1996,
Brasier et al. 1997). Up to 30% of the hepatic cysts seen in ADPKD (PKD1) also
have second hits (Watnick et al. 1998). Liver cysts from ADPKD patients with a
PKD2 mutation show a similar frequency of second hits (Pei et al. 1999, Torra et al.
1999, Koptides et al. 1999). Interestingly, groups have noted PKD7 inactivating
mutations in cysts from patients with a PKD2 mutation, and the converse, PKD2
somatic mutations in cysts from patients with PKD7 mutations. This implies a trans-
heterozygote two-hit model of cystogenesis could operate with the polycystin
proteins (Watnick et al. 2000, Koptides et al. 2000). Under these circumstances, a
cyst from a PKD1 patient with apparently functional polycystin-1 may have suffered a
separate mutation in PKD2, changing what may be termed haploinsufficient
cystogenesis to a trans-heterozygote two-hit model of progression.

However, a two-hit model of cystogenesis does have some inconsistencies with
reported data. If second hits are indeed required for cystogenesis in ADPKD, a
higher rate of somatic mutations would be expected in the cysts (Jiang et al. 2006).
Using a highly sensitive screening method, all 15 exons and splice junctions in the
PKD2 gene were analysed and somatic hits were detected in 71% of cysts from
ADPKD patients with a PKD2 mutation (Watnick et al. 2000). A large proportion of
cysts appear show no second hit. Another concern is the strong immunoreactivity for
polycystin-1 and polycystin-2 seen in the majority of cyst epithelia (Ong et al. 1999a,
Ong et al. 1999b). Mutations leading to IHC-detectable but non-functional protein
may account for this discrepancy, but the vast majority of PKD mutations identified to
date are stop or frame-shifting changes (Figure 1.8). While trans-heterozygosity may
be put forward to explain both these phenomena, it is only seen in approximately
10% of ADPKD cysts and cannot account for all the instances of single-hit and/or
polycystin expressing cysts (Pei 2001, Lantinga-van Leeuwen et al. 2004).
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What may explain the failings of a two-hit model in a proportion of ADPKD cysts is
haploinsufficiency, or gene dosage. Alterations in polycystin levels outside of a
normal physiological range have been shown to cause renal cysts in ADPKD animal
models. A reduced dosage (but not complete loss) of wild type Pkd1 was sufficient
for cystogenesis in a mouse line with a hypomorphic Pkd1 allele (with only 15-20%
normally spliced polycystin-1) (Lantinga-van Leeuwen et al. 2004). Jiang et al.
(2006) found similar results in a conditional Pkd7 knockout mouse model. The
haploinsufficiency effect has also been demonstrated in Pkd2 mice. Chang et al.
(2006) found a highly elevated proliferative index in non-cystic tubules of Pkd2
heterozygote mice, 5-10 times that of wild-type controls.

Taken together, these data suggest complete loss of polycystin-1or polycystin-2 may
not be strictly required for development of ADPKD (Jiang et al. 2006). The primary,
germline mutation can, in a low but significant number of cases, lead to spontaneous
cystogenesis. The focal and age-dependent nature of ADPKD cyst formation implies
second hits are occurring and driving cyst formation in many lesions, but the two-hit
model cannot account for all the cystogenesis seen. A reduction in gene dosage may
well need additional factors, such chemical or physical renal injury and hits outside
or in the polycystin-1/2 pathway to induce cystogenesis. It is important to note there
may bias when screening for second hits, which would mask haploinsufficient cyst
formation. Later lesions may acquire further mutations to both the PKD7 and PKD2
loci as the cyst progresses. What was an initial driver mutation (and absolutely
required for cystogenesis) and what was acquired as the cyst progressed (as a result
of increased cell proliferation, poor cell cycle control and genetic instability) may
become poorly defined.

1.2.9 Biochemistry of the ADPKD proteins

Polycystin-1 (Figure 1.9) is 4302 amino acids in length, of which, 3074 residues
constitute a large extracellular domain. It has a total of 11 transmembrane spanning
segments and a short, highly charged cytoplasmic tail (197 residues) (Hughes et al.
1995, Nims et al. 2003, Weston et al. 2003). The extracellular domain contains
several motifs for protein-protein and protein-carbohydrate interactions (Hughes et
al. 1995, Sandford et al. 1997), a receptor egg jelly (REJ) domain (Moy et al. 1996),
and a G protein coupled receptor proteolytic site (GPS) (Ponting et al. 1999).
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Following autoproteolytic cleavage at the GPS site, an extracellular NH.-terminal
fragment is released. This cleavage appears to be essential for normal function
(Qian et al. 2002). The remaining COOH-terminal fragment stays tethered to the cell
membrane (Qian et al. 2002). Several groups have suggested that the cytoplasmic
tail of polycystin-1 also undergoes cleavage. Chauvet et al. (2004) found the C-
terminal tail to translocate to the nucleus following cleavage, where it modulates
gene transcription. Low et al. (2006) report that a different fragment can be produced
from the C-terminus that is able to interact with STAT6 and p100 to stimulate
transcription. The protein is likely to play a role as a receptor for an unknown ligand
(Torres et al. 2007), and is able to form a functional complex with polycystin-2 (Qian
et al. 1997) through C-terminal tail interactions. Table 1.6 lists these domains and
their functions in full.

The C-terminal tail of polycystin-1can also be phosphorylated at several sites. Cyclic
adenosine monophosphate (cAMP) - dependent kinase A phosphorylates polycystin-
1at S4159 and S4252, while T4237 may be phosphorylated by c-src (Parnell et al.
1999, Li et al. 1999).

Polycystin-2 (Figure 1.9) is a non-selective cation channel with a high permeability to
calcium ions (Ca?"). It is a 968 amino acid protein with 6 transmembrane domains,
with both C and N termini extending into the cytoplasm (Koulen et al. 2002). it has
been localised to both the plasma membrane and the endoplasmic reticulum
(Witzgall 2005), and it appears shuttling proteins such as PIGEA-14 (polycystin-2
interactor, Golgi and endoplasmic reticulum associated protein with a molecular
weight of 14 kDa) may determine its final location. Polycystin-1has also been shown
to localise polycystin-2 to the plasma membrane (Hanaoka et al. 2000), and
together, the polycystin-1- polycystin-2 complex is thought to function as a receptor-
ion channel complex, in which polycystin-1 regulates the activity of polycystin-2
(Delmas et al. 2002, Delmas et al. 2004). An EF-hand domain (EF stands for the E
and F helices of parvalbumin) is present on the C-terminus of polycystin-2 and is
able to co-ordinate Ca?" ions. This is thought to induce conformational changes in
the whole protein and may modulate polycystin-2 channel functions (Cai et al. 1999).
Table 1.6 lists these domains and their functions in full.
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Table 1.6 Domains and functions of polycystin-1 and polycystin-2

Polycystin-1

Protein domain

Function

Cell wall integrity and stress
response component (WSC)

Carbohydrate-binding domain, may be acting as a regulator of stress
response pathways (Weston et al. 2003).

Extracellular PKD domains

Immunoglobulin-like repeats, involved in cell-cell adhesion in a
calcium-independent manner (lbraghimov-Beskrovnaya et al. 2000).

C-Lectin domain

Ca**-enhanced cell adhesion through binding carbohydrate matrices
and collagen |, Il and IV in vitro (Weston et al. 2001).

Low density lipoprotein A
(LDL-A)

Hydrophobic nature implies a ligand binding site. Studies unable to
confirm its predicted presence in PC1 (Weston ef al. 2003).

Receptor for egg jelly (REJ)
domain

Module is a known regulator of ion transport, likely to support Ca®*
influx (Weston et al. 2003, lkeda et al. 2002).

G-protein coupled receptor
proteolytic site (GPS)

Endogenous cleavage site, lysis is dependent on the presence of the
adjacent REJ module (Ponting et al. 1999, Qian et al. 2002).

Lipoxygenase homology
(LH2)

Mediates interactions with other membrane proteins and appears
crucial for normal PC1 function (Bateman et al. 1999).

Cysteine-rich regions (CRR)

Usually flank LRRs and aid in their adhesive properties (Kobe et al.
1994).

Leucine-rich repeats (LRR)

Provides structural framework for the formation of protein-protein
interactions, also involved in cellular adhesion (Kobe et al. 2001).

G-protein activation
sequence

Intracellular domain that binds and activates G-proteins in a process
physically regulated by PC2 (Parnell et al. 1998, Delmas et al. 2002).

Polycystin-2

Protein domain

Function

EF-hand, calcium binding
domain

A Ca® binding motif, undergoes Ca®'-dependent conformational
changes and regulates ion channel function (Petri et al. 2010).

Endoplasmic reticulum
retention signal

Anchors PC2 at the endoplasmic reticulum, trafficking proteins such
as PIGEA-14 deliver PC2 to plasma membrane (Witzgall 2005).

Polycystin-1 and Polycystin-2

Protein domain

Function

Coiled-coil domain

Protein-protein interaction domain that binds the C-terminal tails of
PC1 and PC2 (Foggensteiner et al. 2000, Qian et al. 1997).
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1.2.9.1 Polycystin-1 and polycystin-2 associate in vivo

Mutations in PKD1 or PKD2 disrupt the same pathway and give rise to identical
symptoms, suggesting a co-dependency and implying physical interaction is required
for function. Polycystin-1 and polycystin-2 have been proved to associate in vivo and
modulate their cellular location. A C-terminal endoplasmic reticulum retention signal
on polycystin-2 leads to its accumulation in the ER membrane when polycystin-1 is
absent (Hanaoka et al. 2000). Polycystin-1 expression allows polycystin-2 to localise
to the plasma membrane, although polycystin-2 may have important roles to play as
a Ca®' channel in both these subcellular regions. Through a coiled-coil domain on
their C-termini, polycystin-1 and polycystin-2 have been shown to interact and form a
receptor-channel mechanosensory complex at the cell membrane (Nauli et al. 2003).
The extent of polycystin-1 or polycystin-2 functionality outside of this complex is
currently unknown. For example, polycystin-1 can be cleaved in several places and
fulfil a signalling role which may be polycystin-2 -independent, but instead restricted
by subcellular localisation. Polycystin-2 has been shown to localise to the cell
membrane in polycystin-1 knockout mice, suggesting membrane-targeting can be
polycystin-1-independent (Geng et al. 2006). Figure 1.9 shows polycystin-1and
polycystin-2 interacting at the cell surface membrane.

1.2.9.2 Tissue expression patterns of the ADPKD proteins

The ADPKD proteins have a wide expression pattern slightly at odds with their
specific pathology of renal and hepatic tissue in disease. Both are expressed in the
kidney, liver, brain, pancreas and vasculature (Wilson 2001). Expression of
polycystin-1 is developmentally-linked, and the high levels seen during tissue
development tail off to a low level in adult life (Geng et al. 1997, Van Adelsberg et al.
1997). Renal levels of polycystin-1 peak at E15 in mice and fall to a low level by two
weeks post-birth (Geng et al. 1997). This is around the time mice with a homozygous
mutation in Pkd? will die, suggesting a crucial role for polycystin-1 in embryogenesis
at this stage. Renal polycystin-1 expression is predominantly in the collecting duct
and distal convoluted tubules (Braun 2009), although Foggensteiner et al. (2000)

found lower expression in most areas of the nephron.

Despite many theories of co-dependence, polycystin-2 has a different renal
expression pattern to polycystin-1 and is present at higher levels in tubule cells
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throughout adult life, especially the thick ascending Loop of Henle and the distal
convoluted tubule (DCT) (Foggensteiner et al. 2000). This seems slightly at odds
with the view that polycystin-1 and polycystin-2 function solely as a receptor-channel
complex and adds weight to the idea that polycystin-2 at least, may have roles
outside the polycystin complex.

Polycystin-1 and polycystin-2 have recently been linked to the primary cilium of renal
tubules in vivo and in cell culture, placing the mechanosensory complex at the
luminal surface of collecting ducts in the kidney (Nauli et al. 2003, Yoder et al. 2002,
Luo et al. 2003). Figure 1.10 outlines the renal and subcellular locations of
polycystin-1 and polycystin-2.

1.2.9.3 Polycystin-1 and polycystin-2 signalling pathways

The polycystin-1 / polycystin-2 receptor-channel complex has been localised to both
the ER membrane and the outer plasma membrane, at organelles called primary
cilia. The most well characterised functions of the polycystin-1 / polycystin-2 complex
are its roles in mechanosensatisation and cellular Ca** modulation, but the
polycystins also have links to other significant processes, such as the mTOR and
Wnt pathways.
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1.2.9.3.1 Primary cilia and calcium signalling

Primary cilia (Figure 1.11) are single, hair-like structures that protrude from the apical
surface of most eukaryotic cells, including renal tubule cells and hepatic bile duct
cells (cholangiocytes). Primary cilia consist of 9 microtubule (MT) doublets (9+0
arrangement) while motile cilia generally have an éxtra central doublet (9+2
arrangement) (Hildebrandt et al. 2005). Dynein arms linking MTs are present only on
motile cilia, allowing ATP-dependent conformational changes in MT structure to
result in cilia movement (Fliegauf et al. 2007).

Primary cilia are sensory organelles that are highly conserved throughout evolution.
Although it appears they can detect a wide variety of chemical and physical stimuli,
the specific function they carry out depends on the cell type (Hildebrandt et al. 2005).
Renal primary cilia extend into the tubule lumen and sense fluid flow (urine) through
the nephron. Fluid flow results in cilium deflection and this is immediately followed by
an influx of extracellular Ca®* mediated by the polycystin proteins (Praetorius et al.
2001, Praetorius et al. 2003, Nauli et al. 2003). The large extracellular region of
polycystin-1 may be able to sense fluid sheer stress as the cilia bends and transmit
this mechanical information to associated polycystin-2. The Ca®* channel properties
of polycystin-2 would then be modulated to trigger an influx of Ca®* across the cilium
membrane. High levels of cellular Ca®*, in response to adequate polycystin-1
stimulation, are proposed to trigger Ca®*-induced Ca*-release. The heightened
levels of intracellular Ca** can then produce downstream effects such as growth,
differentiation, alter gene expression and polarity (Nauli et al. 2003). Cells isolated
from mice lacking functional polycystin-1 showed abnormal Ca®*influx in response to
physiological fluid flow (Nauli et al. 2003).

Interestingly, lowering the levels of Ca®* in wild-type renal epithelial cells reproduces
the altered proliferative response of cyst-derived cells, while restoring Ca?* to cyst-
derived cells can dampen their responses to mitogenic stimuli (Yamaguchi et al.
2004, Yamaguchi et al. 2006). This suggests disruption of the primary cilium, or the
amount of polycystin-1 /2 present in the primary cilium could disrupt ca*
homeostasis and dysregulate processes involved in cystogenesis such as

proliferation.
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1.2.9.3.2 JAK-STAT pathway

The STAT (signal transducer and activator of transcription) proteins are phospho-
tyrosine activated transcription factors latent in the cytoplasm (Cal6é et al. 2003).
Activation is normally transient, tightly regulated and achieved though stimulated
members of the Janus Kinase (JAK) family, tyrosine kinase growth factor receptors,
non-receptor tyrosine kinases and seven transmembrane pass receptors. STATs
participate in normal cellular processes such as differentiation, proliferation, cell
survival/apoptosis and angiogenesis (Horvath 2000).

The JAK-STAT signalling pathway has been suggested to mediate polycystin
signalling (Bhunia et al. 2002, Low et al. 2006) and at least two STATs are involved
— STAT6 and STAT1. Polycystin-1 is able to bind and activate JAK2 but not JAK1
(Low et al. 2006), providing a direct link to activation of the pathway.

Under fluid flow stress, polycystin-1 localised to renal tubule cell primary cilia is
subject to C-terminal cleavage (Chauvet et al. 2004, Low et al. 2006). The resulting
intracellular fragment has been shown to fulfil a signalling role by translocating to the
cell nucleus and binding DNA through association with STAT6 and P100 (Low et al.
2006). Cells lining ADPKD cysts have elevated nuclear STAT6, P100 and C-teminal
polycystin-1 fragments (Low et al. 2006). The researchers propose that polycystin-1
is acting as a regulator of STAT6 signalling through spatial control. Under normal
conditions, STAT6 is sequestered to the cell membrane via polycystin-1, but in the
absence of fluid flow (renal injury) or if reduced levels of polycystin-1 are present,
STATES is able to constitutively initiate STAT6-dependent transcription.

Bhunia et al. (2002) have shown polycystin-1 to directly activate JAK-STAT
signalling though physical interaction with JAK2, but not JAK1 or Tyk2. The
activation of JAK2 was found to be dependent on polycystin-2, and resulted in the
activation of STAT1 and STAT3. Talbot et al. (2011) have recently reported similar
activation of STAT3 via polycystin-1 in manner dependent on the C-terminal
cytoplasmic tail. Furthermore, Stat3 was found to be activated in the cysts of an
ADPKD mouse model. Data now suggests polycystin-1 can differentially regulate
STAT1, 3 and 6 signalling, depending on factors such as apical fluid flow, polycystin-
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1 cleavage and cytokine/growth factor signalling environment of the cell (Talbot et al.
2011).

1.2.9.3.3 Cell cycle control

The cysts seen in ADPKD are typically lined with a single layer of hyperproliferative
epithelium (Nadasdy et al. 1995). Links between the polycystin proteins and cell
cycle control have emerged recently (Figure 1.12). Li et al. (2005) have shown
polycystin-2 can regulate the cell cycle through direct interaction with Id2, a member
of the helix-loop-helix (HLH) protein family. 1d2 is a transcription factor that promotes
cellular growth and therefore requires nuclear localisation to function (Pagliuca et al.
2000). The PKD2 gene transcribes a repressor of this activity, as polycystin-2 / 1d2
complexes are excluded from the nucleus. While Id2 has a low level of expression in
normal kidneys, in renal cysts from ADPKD patients, levels of Id2 are raised, with
increased amounts of nuclear localisation (Li ef al. 2005). The same paper showed
polycystin-2 / 1d2 interactions require polycystin-1-dependent Serine phosphorylation
of polycystin-2, explaining why raised nuclear Id2 is found in both ADPKD1 and
ADPKD2.

The CDK inhibitor, p21 is induced by polycystin-1 overexpression and is
downregulated in cystic kidneys from ADPKD patients (Bhunia et al. 2002).
Polycystin-1 is thought to control expression of p21 though the JAK-STAT signalling
pathway in polycystin-2-dependent manner (discussed in 1.2.9.3.2). Interestingly,
nuclear Id2 can repress transcription of p21 and promote cell cycle progression in
kidney cells (Li et al. 2005). The full extent of polycystin control over cell cycle
progression is not yet known, but clearly proliferation is perturbed in ADPKD
cystogenesis.
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1.2.9.3.4 Canonical Wnt signalling

Canonical Wnt signalling (Figure 1.13) functions through altering levels of active and
nuclear-localised B-catenin. In doing so, it controls cell proliferation and
differentiation during development (Moon ef al. 2005). The first clues that PKD and
canonical Wnt signalling may have a link came through phenocopy mouse models.
Transgenic expression of constitutively active B-catenin or kidney-specific
inactivation of APC (a crucial component of the pathway) leads to a renal cystic
phenotype (Karner et al. 2009, Qian et al. 2005, Saadi-Kheddouci et al. 2001). A
direct connection between polycystin-1, polycystin-2 and Wnt signalling remains
contentious. The C-terminus of polycystin-1 may activate B-catenin transcription in
human embryonic kidney cells (Kim et al. 1999), but other more recent studies have
suggested polycystin-1 has no such role (Le et al. 2004, Low et al. 2006) or is doing
the opposite, in acting as an inhibitor of B-catenin-mediated transcription (Lal et al.
2008).

1.2.9.3.5 mTOR signalling

Activation of mTOR results in increased protein transiation and cell growth
(Gallagher et al. 2011). While the pathway is known to be stimulated by a variety of
inputs, feeding through the TSC proteins, several links have emerged between
polycystin-1, polycystin-2 and mTOR. Studies have demonstrated that downstream
targets of the mTOR pathway are inappropriately activated in ADPKD cysts
(Shillingford et al. 2006). Additionally, repression of the mTOR pathway through
Rapamycin treatment reduces cystogenesis in rodent models of PKD (Shillingford et
al. 2006, Wahl et al. 2006, Tao et al. 2005). A trial by Qian et al. (2008) also
highlighted a use for Rapamycin in reducing polycystic liver volume in ADPKD
patients. Distefano et al. (2009) have since suggested polycystin-1 inhibits the
mTOR pathway in a TSC2 dependant manner, while Shillingford et al. (2006) have
previously shown the C-terminal cytoplasmic tail of polycystin-1 to interact with
tuberin. It has been suggested that a function of the polycystin-1 tail may be to
assemble a repressive complex with tuberin and mTOR. In a disease state where
PKD1 is mutated, the tuberin-mTOR complex cannot form correctly, leading to
aberrant mTOR activation (Shillingford et al. 2006, Mostov et al. 2006).
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