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Abstract

Autosomal Dominant Polycystic Kidney Disease is the most common inherited renal
disorder caused by germline mutations in PKDI or PKD2. However its phenotype
can be highly variable between individuals suggesting that genetic, epigenetic and
environmental factors can influence disease expression. miRNAs are small non-coding
nucleic acids that post-transcriptionally regulate mRNA and whose role in other human
diseases has been widely studied. We hypothesised that specific miRNAs could similarly
modulate ADPKD pathogenesis and aimed to identify gene targets for these miRNAs,
characterising their role in ADPKD and uncovering the mechanisms underlying their

dysregulation.

This thesis focused on mir-193b-3p and mir-582-5p, identified from a parallel mRNA-
miRNA microarray. Prediction algorithms and bioinformatics tools allowed the selection
of putative mRNA targets for both miRNAs, whose enrichment was validated by RT-PCR
in several ADPKD models and confirmed by Western blotting. Interactions between
miRNAs and their respective targets were analysed using dual-reporter luciferase assays
and RT-PCR post-transfection, while 3-dimensional cyst assays were used to study the

roles of these genes on the disease phenotype.

ERBB4, CALBI and PIK3R1 were found to be targets for mir-193b-3p in vitro. Further-
more, anoctamin-1 and PI3K-p85a were enriched in several models of ADPKD and
their knock-down reduced cyst expansion in vitro. The down-regulation of two other
miRNAs, mir-192-5p and mir-194-5p was confirmed in ADPKD mice, and all showed
gender-related differences in expression. Finally, I found that miRNAs maturation was

altered in disease and associated with a reduced TRBP expression.

These results suggest that dysregulated miRNAs play a likely role in ADPKD by modi-
fying the expressivity of genes regulating several major pathways. An abnormality in
miRNA maturation in particular mediated by TRBP deficiency may be at the centre of
this dysregulation. These new miRNAs and their validated targets represent potential

novel candidates for developing new drug treatments or biomarkers in ADPKD.
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Parallel microarray profiling identifies ErbB4 as a determinant of cyst growth in
ADPKD and a prognostic biomarker for disease progression
Andrew J. Streets, Tajdida A. Magayr, Linghong Huang, Laura Vergoz, Sandro Rossetti,

Roslyn J. Simms, Peter C. Harris, Dorien J. M. Peters, Albert C. M. Ong

Abstract

Autosomal dominant polycystic kidney disease (ADPKD) is the fourth most common
cause of end-stage renal disease. The disease course can be highly variable and treat-
ment options are limited. To identify new therapeutic targets and prognostic biomarkers
of disease, we conducted parallel discovery microarray profiling in normal and diseased
human PKD]1 cystic kidney cells. A total of 1,515 genes and 5 miRNA were differentially
expressed by more than twofold in PKDI cells. Functional enrichment analysis iden-
tified 30 dysregulated signaling pathways including the epidermal growth factor (EGF)
receptor pathway. In this paper, we report that the EGF/ErbB family receptor ErbB4 is a
major factor driving cyst growth in ADPKD. Expression of ErbB4 in vivo was increased
in human ADPKD and Pkd] cystic kidneys, both transcriptionally and posttranscription-
ally by mir-193b-3p. Ligand-induced activation of ErbB4 drives cystic proliferation and
expansion suggesting a pathogenic role in cystogenesis. Our results implicate ErbB4 ac-
tivation as functionally relevant in ADPKD, both as a marker of disease activity and as a

new therapeutic target in this major kidney disease.

American Journal of Physiology - Renal Physiology
Published 1 April 2017 Vol. 312 no. 4, F577-F588 DOI: 10.1152/ajprenal.00607.2016
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A systems biology approach identifies reciprocal changes in mir-193b-3p and
PIK3RI as drivers of cyst growth in ADPKD
L Vergoz, AJ Streets, T Malas, M Lannoy, PA ‘t Hoen, DJM Peters, and ACM Ong

Autosomal dominant polycystic kidney disease (ADPKD) is the most common in-
herited cause of end-stage renal disease worldwide. PKDI and PKDZ2 mutations are
present in most patients with clear genotype-phenotype correlations. However, the intra-
familial phenotypic variability in some pedigrees suggests the influence of non-allelic
factors. Non-coding RNAs e.g. microRNAs are known to play a major role in health
and disease (including PKD) via control of mRNA stability or translation. We recently
conducted a parallel mRNA/miRNA array study which found mir-193b-3p, among
others, downregulated in human ADPKD cells (Streets et al, 2017), associated with
dysregulation of the ErbB4/EGF pathway. To select other relevant genes regulated by
mir-193b-3p, we compared our human mRNA dataset with mRNA expression data from
Pkdl mutant mice (Malas et al., 2017). Dual-reporter luciferase assays with native and
mutant seed sequences and immunoblotting were used to demonstrate functional binding
of mir-193b-3p to the 3’UTR of PIK3RI mRNA. IGF-1 stimulation of human ADPKD
cystic cells in 2D and 3D cultures characterized the role of PIK3RI in Akt or ERK
signaling and on cyst growth. PIK3R1 was selected as a strong candidate gene and shown
to be upregulated ~3-fold in human cells and mouse Pkd! kidney tissue. In parallel, the
catalytic subunit PIK3CA was also overexpressed suggesting the most common PI3K
enzyme combination is upregulated in ADPKD cells. A functional interaction between
PIK3RI and mir-193b-3p was confirmed by luciferase assays and immunoblotting.
Knockdown of PIK3R1 or PI3K chemical inhibitors significantly reduced cyst growth in
ADPKD cells and influenced Akt and ERK activation by IGF-1. We report that PIK3R1
and one of its catalytic subunits are upregulated in ADPKD and confirm that it is a target
for mir-193b-3p. The role of PIK3R1/PIK3CA in driving cyst growth in ADPKD was
functionally linked to hyperactivation of Akt and ERK. The co-regulation of PIK3RI
and ErbB4 by mir-193b-3p supports the development of PI3K and ErbB4 inhibitors or
mir-193b-3p activators for the treatment of ADPKD.

Poster presented at the ASN Kidney Week 2017 (2nd Nov - 5 Nov 2017, New Orleans,
USA)
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Chapter 1. Introduction Laura Vergoz

1.1 The kidney, an essential organ for the cleaning of blood and water

reabsorption, can be affected by Chronic Kidney Disease

The kidneys are major organs responsible for the filtration of waste from the blood and
the production of urine. They are essential to regulate electrolytes concentrations and

maintain acid base homeostasis.
1.1.1 Anatomy and physiology of the kidney

The kidneys are two bean-shaped organs placed on both sides of the posterior abdominal
area. A Danish study reported a median renal length of about 11 cm and a total renal
volume of about 140 cm? (134 cm? for the right side and 146 cm? for the left side). The
kidneys were significantly larger in men than women and significantly thicker and wider
in older subjects (30 year-old vs. 50 year-old, and 50 year-old vs. 70 year-old) (Emamian
et al., 1993). The average kidney weight is 130 g, with a difference between right and left
kidneys (129 g and 137 g on average, respectively) (Molina and DiMaio, 2012).

A cross-section of a kidney (see Figure 1.1) presents the two main vessels arriving (renal
artery) and leaving (renal vein) the organ, as well as the complex network of nephrons
composing the kidney. Nephrons are the functional units of the kidney. They are typically
about 30 to 55 mm long and are closed on one end by the Bowman’s capsule containing
the glomerulus, both structures together forming the renal corpuscle.

Glomeruli are supplied by a network of microscopic capillaries that are the first interme-
diates for the blood filtration function by the kidneys. The glomerular filtration barrier
filtrates proteins based on charge and size (<68 kDa) from the blood of the afferent ar-
teriole through the glomeruli capillaries into the Bowman’s capsule (Kurts et al., 2013).
Glomerular filtrate is then processed first by the proximal convoluted tubule (PCT) lying
in the renal cortex, lined with cuboidal epithelial cells that show irregular outline (Krstic,
1997) giving it a large area for its reabsorption properties. The PCT actively transports
Na* ions (it reabsorbs &~ 70 % of the filtered NaCl), water (typically reabsorbs 70 % of
the filtered water), amino acids (100 %), glucose (100 %) and other carbohydrates, hence
regulating the osmolality of the plasma by multiple regulatory complexes involving pro-
teins such as SGLT?2 or aquaporin 1 (Zhuo and Li, 2013).

2
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The compounds not reabsorbed by the proximal tubules then pass through the loop of
Henle (LoH) that dives into the renal medulla where ~15-25 % of the total Na* and CI°
ions as well as water are reabsorbed into the interstitial fluid. The descending and ascend-
ing limbs of the loop of Henle perform opposite functions: while the descending section
passively filtrates water, the ascending section actively reabsorbs NaCl into the medullary
interstitium. Therefore, the loop of Henle acts as a counter-current multiplier: the osmotic
gradient generated from the active release of ions from the ascending limb of the LoH will
lead to the passive release of water from the descending limb, hence to the concentration
of urine and the limitation of its volume. The LoH is thus a major actor of the water
reabsorption from the kidney (Mount, 2014).

The tubule then re-enters the cortex and forms the distal convoluted tubule (DCT). The
DCT epithelium is composed of a single layer of cuboidal cells, smaller than those of the
PCT, with no brush border conferring it a larger lumen. These cells are rich in mitochon-
dria that produce enough ATP for the DCT to exert its function of actively transporting
electrolytes, essentially Ca>*, K*, Mg?* and Na* (= 5-10 % of the total sodium originally
filtered from the blood) (Subramanya and Ellison, 2014).

The compounds that have not been reabsorbed into the interstitial fluid, mainly water
and waste products, then enter the collecting duct that leaves the cortex to go into the
medulla and will eventually merge with others to former the ureter from which the urine
will be transported to the bladder for future excretion. The vasopressin hormone (also
called antidiuretic hormone) acts on the collecting tubule’s water permeability and thus
helps adjust the concentration of the excreted urine, through processes mainly involving
adenylate cyclase, increases in cAMP and subsequent phosphorylation of aquaporin 2

channels (Boone and Deen, 2008).
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Figure 1.1: Anatomy of the Kidney.

Top panel: cross-section of a kidney presenting the blood vessels, ureter and multiple nephrons
composing the organ. Bottom panel: detail of a nephron including the renal corpuscle, tubules and

vessels.

By courtesy of Encyclopaedia Britannica, Inc., copyrights 2006 & 2007; used with permission.

On a typical day, with a fluid intake of about 2 litres, the one to two million nephrons

of the kidney produce ~ 150 L of filtrate from plasma, i.e. 100 mL/min. Over 90 % of

this filtrate is reabsorbed by the body, leading to the production of ~ 1.5 L of urine per

day (Tack, 2010). This volume can naturally vary with water intake, physical exercise,

vasopressin expression levels or age of the individual.
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The typical test used to evaluate the integrity of the kidneys function in a patient is
the calculation or estimation of the Glomerular Filtration Rate. The Modification of Diet
in Renal Disease (MDRD) study’s formula was until recently the most used method that
evaluated GFR depending on four variables: serum creatinine concentration, gender, age
and ethnicity (NKF, 2002). Indeed, creatinine is a waste amino acid product from the
muscles and is normally filtered by the glomerulus and secreted by PCT cells (Stevens
et al., 2006). Measuring the clearance of creatinine by the kidney can thus be an indicator
of its function. Typically, creatinine clearance levels are between 100 and 130 mL/min
for women and 110-150 mL/min for men (Gowda et al., 2010). The MDRD formula also
takes into consideration the body surface area’s average value of 1.73 m?.

More recently, another formula called CKD-EPI (Chronic Kidney Disease Epidemiology
Collaboration) was developed in order to improve eGFR calculation and was demon-
strated to be more accurate than the MDRD formula in a very large cohort of over 1.1
million participants (Levey et al., 2009; Matsushita et al., 2012). It is now the most used

eGFR calculation formula in clinic and is as follows:
- . Scr * CR 120 Age
eGFR =141 x min ? X max 7 X (0.993) X (1.018,‘f female) X (1.159,‘f black)

with serum creatinine (Scr) concentrations in mg/dL, k¥ = 0.7 for females / 0.9 for males,
o =-0.329 for females / -0.411 for males, min = minimum of Scr/k, or 1 and max = max-
imum of Scr/x, or 1. A normal eGFR value is above 90 mL of fluid filtered /min/1.73 m?
for an adult and 100 mL/min/1.73m? for a child under 2 years of age. The eGFR rates can
for example help to classify the kidney function of chronic kidney disease (CKD) patients
in 6 stages, ranging from stage 0 (GFR >90 mL/min/1.73m?, normal kidney function)
and stage 1 (GFR >90 mL/min/1.73m?, normal rate with signs of damage) to stage 5
(GFR <15 mL/min/1.732, kidney failure) (Stevens et al., 2006).

The limitations of the GFR estimates are factors other than kidney conditions that can
affect creatinine levels, including muscle mass, chronic illnesses such as cancer, or diet
(Stevens et al., 2006). Hence, other markers such as urea or proteinuria are usually meas-
ured along with creatinine in order to get the most complete diagnosis (Gowda et al.,

2010).
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1.1.2 Chronic kidney disease (CKD) is a major global health issue

The National Kidney Foundation released guidelines that provide a definition of Chronic
Kidney Disease and its stages: it regroups the conditions causing kidney damage and af-
fecting its function, regardless of the diagnosis (type of disorder) (NKF, 2002). As stated
above, the different stages of CKD are determined using the GFR, and extra laboratory
tests and a clinical diagnosis help to understand the causes of renal damage and potential
associated risk factors and treatments. The difference between chronic kidney disease
and acute kidney disease is that the former is diagnosed after at least two tests made three
months apart to confirm the progressive loss of kidney function (Martinez-Castelao et al.,
2014), which is one of the criteria from the current guidelines for diagnosing CKD.
Chronic kidney disease is considered an important public health issue with a prevalence
estimated to 10 % of the population, with higher risks for women, African Americans
and South East Asians (Levey and Coresh, 2012). In 2011, it was estimated to affect 2.6
million people in the UK, i.e. 6.1 % of the population over 16 years old (Public Health
England report, 2014). As age is one of the factors of progression of CKD, the proportion
of people affected by the disease is predicted to increase with the growing number of eld-
erly populations (Thomas et al., 2008).

The symptoms of chronic kidney disease, when they exist, can be back pain, tiredness,
poor appetite, swelling of feet or ankles, or changes in the urination pattern for example
(NHS, 2016b; Mayo Clinic, 2016). However at early stages, patients often present no
symptoms, and the disease is suspected or diagnosed during the assessment of other dis-
orders. The possible causes of this condition are multiple and very heterogeneous: up to
two-thirds of cases are linked to diabetes and hypertension, but it can also be the result of
infectious diseases (pyelonephritis), inflammation (glomerulonephritis), long-term use of
certain drugs such as NSAIDs, obstructions caused by tumours or kidney stones, or inher-
ited kidney diseases such as Autosomal Dominant Polycystic Kidney Disease (ADPKD,
topic of the present thesis) (NKF, 2002; Levey et al., 2007; Perico and Remuzzi, 2012).
This disparity between the potential causes of CKD make it difficult to diagnose and re-
quires multiple tests to identify the underlying disorder responsible for renal damage in
the patient (Levey and Coresh, 2012; Martinez-Castelao et al., 2014).
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Figure 1.2 presents the framework of the development, evolution and complications of
chronic kidney disease as well as the therapeutic interventions undertaken to try and slow

down the progression or ease the symptoms.

Screening for
CKD factors

[T stages of CKD

CKD risk reduction;
screening for CKD

"] Potential antecedents of CKD

Consequences of CKD

Diagnosis and
treatment: treat
comorbid conditions;
slow progression

- Increased \ .- -~ i
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~—_ <
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Replacement by
dialysis and
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Figure 1.2: Conceptual model for chronic kidney disease.

Framework of development, progression, and complications of CKD and therapeutic interven-
tions. Interventions for each stage are presented above the frames. The thick arrows between the
frames represent the risk factors that can be detected or influenced by intervention. The dashed
arrows represent a remission less frequent than progression. The complications regroup all the
complications directly linked to CKD or to adverse effects of its treatment, for example cardiovas-
cular disease or complications from decreased GFR.

Adapted from the National Kidney Foundation report from 2002 with permission from Springer
publisher, available upon request.

The main complications of CKD are kidney failure resulting from end-stage renal
disease (ESRD) and cardiovascular complications. Depending on the cause of CKD,
kidney failure will happen at different times: while some patients may never experience it
as the disease will progress slowly, others will need replacement therapies within months
of being diagnosed (Levey and Coresh, 2012). Cardiovascular complications include left
ventricular hypertrophy (LVH) that worsens with the decline in eGFR and thus has a high
prevalence in patients on dialysis, cardiac inflammation, increased risks of ischaemia and
myocardial fibrosis leading to heart failure (Thomas et al., 2008, Di Lullo et al., 2015).
Other various complications of chronic kidney disease are anaemia, mostly caused by the
defective production of erythropoietin by the kidney, bone and mineral disorders caused
by hyperphosphataemia but also dyslipidaemia and nutritional issues (Thomas et al.,

2008, Lee et al., 2017).
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Because the underlying cause of CKD can be of multiple aetiologies, the therapeutic
interventions need to focus on treating the cause, where possible, and on reducing its
symptoms. Dietary changes are recommended to most CKD patients: control of diabetes,
regulation of sodium and potassium intake or vitamin D supplementation are essential
to slow the disease progression and development of complications. Hypertension can be
controlled by drugs such as angiotensin-converting enzyme (ACE) inhibitors and swelling
reduced by diuretics (Mayo Clinic, 2016; Martinez-Castelao et al., 2014).

Pain in CKD can be of different nature; it is mostly musculoskeletal but it can also often
be neuropathic. Pharmacokinetics of analgesics can be affected by CKD, making it dif-
ficult to adapt the treatment to each individual (Davison et al., 2014). Acetaminophen, a
non-opioid analgesic, is commonly used in first instance in cases of mild pain. Patients
with mild pain levels will be prescribed this analgesic added to an opioid class II such
as codein or tramadol, and the ones with severe pain will get prescribed stronger opioids
such as morphine or methadone (Brown et al., 2014). Adjuvants can be added to the
treatment depending on the type of pain: tricyclic antidepressants will help with chronic
pain, while anticonvulsants will aim at soothing neurological pain, and muscle relaxants,
bisphosphonates and corticosteroids will treat musculoskeletal, bone and inflammation-
related pain (Cline, 2004).

Finally, when the stage of kidney failure is reached, the only options are to undergo
kidney-replacement therapies such as haemodialysis to artificially filter the patient’s blood
and eventually kidney transplantation (Mayo Clinic, 2016; NHS, 2016b).

Chronic kidney disease is thus a global public health problem affecting many patients
in the world. While treatments for the major causes of CKD (diabetes and hypertension)
are well developed and rather easy to control, other pathologies leading to chronic kidney
disease such as inherited disorders are more difficult to manage as the patients tend to be
diagnosed later and the condition itself is usually the result of multiple deficient biological
elements and physiological mechanisms.

Among these pathologies, Autosomal Dominant Polycystic Kidney Disease is a complex
disorder that involves genetic, epigenetic and environmental factors which are still far

from being understood.
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1.2 ADPKD - Autosomal Dominant Polycystic Kidney Disease

1.2.1 General facts

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most common inherited
renal disorder, affecting over 12 million people worldwide, with a prevalence of ca. /1,000
(Torres and Harris, 2009; Tan et al., 2011). The main manifestation of the disease is the
development of renal cysts leading to a characteristic enlargement of the patients’ kidneys.
This enlargement can result in kidneys that are 4 times larger (40 cm compared to 11 cm)
and up to 15 times heavier (7-8 kg vs. 500 g) in ADPKD patients compared to healthy
controls (Pei, 2006). The size and number of cysts increases with age (prevalence 58 %
at age 15-25 years, compared to 94 % at age 35-46 years) (Bae et al., 2006), eventually
leading to CKD and end stage renal disease (ESRD) in 50 % of patients by the age of 60
and the need for kidney transplantation. Typically the disease manifests around 20 to 40
years of age; however some children have been reported with symptoms (Selistre et al.,
2012; Peral et al., 1996). Paediatric patients usually have renal cysts but rarely present
extra-renal cysts (Li, 2015). Some studies have shown a higher incidence of the disease
in men compared to women in Japan, USA and Europe (Torres and Harris, 2009).

The cysts are disorganized fluid-filled structures arising via several mechanisms:
cells form spheres in shape rather than tubes because of a change in the axis of cell
division, planar cell polarity and fluid secretion into the lumen of these structures
(Fischer et al., 2006). Cysts can originate from any nephron segment and generally
are associated with cell infiltration, interstitial fibrosis, non-functional nephrons and a
disrupted renal parenchyma (Chang and Ong, 2008). Cell proliferation is increased,
which allows the cysts to grow rapidly. The enhanced fluid secretion originates from
a change in epithelium characteristics: accumulation of cAMP leads to increased CI°
transport (notably via CFTR) into the tubular lumen, creating an osmotic disequilibrium
and accumulation of fluids in the cyst (Grantham, 1996). Gene dosage is important in the
variability of cystogenesis level between patients: a threshold model has recently been
suggested in which the level of PC1 or PC2 protein expression determines the severity of

disease (Saigusa and Bell, 2015; Ong and Harris, 2015).
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Figure 1.3: Representation of ADPKD kidney evolution.

Following multiple initiation hits, cysts start to develop in the kidney, which marks the apparition
of acute symptoms such as pain and urinary tract infections. The more chronic symptoms such
as hypertension and proteinuria linked with healthy tissue and vasculature integrity progress with
the multiplication and growth of the cysts, before reaching the stage of chronic kidney disease and

eventually renal failure requiring renal replacement therapies.
Adapted from the PKD Foundation charity website with permission.

Mostly present in the kidney, cysts can also be detected in the liver, pancreas, spleen,
arachnoid membrane or seminal vesicles (Torres and Harris, 2009). Among other extra-
renal manifestations of ADPKD are cardiac valve defects, intracranial arterial aneurysms
and hypertension (Tan et al., 2011). The presence of PC1 and PC2 in endothelium and

vascular smooth muscles could be a factor leading to vascular abnormalities (Nauli et al.,

2008).
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Symptoms and diagnosis ADPKD is often asymptomatic for many years before the
first signs of pain or hypertension. The typical symptoms of ADPKD are pain in the
back or the side, frequent headaches, urinary tract infections, high blood pressure and
eventually an enlarged abdomen, haematuria and/or kidney stones (NHS, 2016a; Mayo
Clinic, 2017). However, because of their rather non-specific characteristics, these symp-
toms are usually not sufficient to diagnose ADPKD. The most lethal complications of
this disease are intracranial aneurysms and cerebrovascular events linked to uncontrolled
hypertension. The former occur in 16 % of patients with a family history of ADPKD and
hypertension is present in ~ 80 % of patients (Cagnazzo et al., 2017).

The diagnosis of ADPKD is mainly made by imaging patients known to be at risk
or with typical symptoms. Kidney ultrasound is usually the method of choice as it is
inexpensive and safer than other imaging techniques (MRI and CT scan) (Pei et al., 2009).
The criteria for diagnosing ADPKD from sonographic imaging are age-specific. Indeed,
as indicated in Table 1.1, the younger the patient the less cysts need to be identified in

order to suspect or confirm ADPKD (Ravine et al., 1994; Saigusa and Bell, 2015).

Table 1.1: Unified criteria for diagnosis of ADPKD by ultrasound (patient with family history but
genotype unknown)

Age (years) | Number of kidney cysts
15-39 > 3 total (uni- or bilateral)
40-59 > 2 in each kidney
> 60 > 4 in each kidney
> 40 < 2 total, excludes disease

Diagnosis cannot be exclusively based on symptoms as other disorders than ADPKD
can cause pain and cysts growth or kidney enlargement. For example, Acquired Kidney
Disease (AKD) is characterised by cysts formation but no enlargement of the kidneys,
while Medullary sponge kidney is characterised by the presence of kidney cysts but rarely
progresses to ESRD, and Autosomal Recessive Polycystic Kidney Disease (ARPKD) has
an earlier onset and is often responsible for growth failure (Halvorson et al., 2010; Li,
2015). The following Table 1.2 summarises the differential diagnosis for a few kidney
diseases other than ADPKD.
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Table 1.2: Differential diagnosis of ADPKD.
Adapted with permission from Alves et al. (’Polycystic Kidney Disease’ - Chapter 1) 2015, under

CC-BY 4.0 license.

Condition Gene Inheritance | Prevalence leferentlatn.lg S
signs
U3 b 1
Simple B Acquired Frequent Normal rena'l func.tlon.
renal cysts Normal looking kidney
Acquired .
Kidney B Acquired Frequent Multiple renal 'cysts cfmd small
. to normal-sized kidneys
Disease
Medullary Autosomal Interstitial fibrosis in kidney
cystic kidney | MCKDI-2 ‘ Unknown | biopsy. Slow progressive renal
disease Dominant failure (ESRD rare)
Mostly early onset. Potter’s
Autosomal .
ARPKD PKHD] 1/ 20,000 pheno.type.. pulmonar}./ .
e hypoplasia, spine deformities
etc.

As it is an expensive analysis, DNA diagnostic is still mostly reserved to cases where
a definitive diagnosis is needed such as potential live kidney donors from the same family
(Huang et al., 2009).
It has recently been reported that mutations of PKDI may lead to a switch in glucose
metabolism, resulting in higher apoptotic rates and decreased proliferation in glucose-
depleted mutant cells compared to normal (Rowe et al., 2013). The concentrations of
glucose become higher as the glycolysis rates increase, notably activating several major
pathways such as the mTOR complex or the chloride channel anoctamin 1 (Rowe et al.,
2013; Kraus et al., 2016). There is also evidence of deregulated lipid metabolism (Mao
et al., 2014). Indeed, Menezes et al. performed genome wide transcript profiling on a
conditional Pkdl knock-out mouse model, and identified differentially expressed genes
between WT and ADPKD mice that were regulators of lipids metabolism. They also
showed that Pkdl knock-out renal epithelial cells presented an intrinsic defect in fatty
acid oxidation, and that increasing fat in the animals’ diet, even by a small amount, was
enough to worsen the disease’s severity (Menezes et al., 2016). Similarly, Klawitter et al.

reported defects in fatty acids metabolism of ADPKD patients (Klawitter et al., 2013).
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Current management and future therapies for ADPKD Until recently, there was no
cure for ADPKD in terms of a disease-modifying drug. The main aim of treatments was
to reduce symptoms and limit morbidity from complications.
A number of potential new therapies have now been or are currently tested, all of them
targeting the main pathways implicated in the development of ADPKD; cAMP, CFTR
and mTOR (see below).

cAMP is increased in ADPKD possibly by dysregulation of Ca**. Vasopressin V2
antagonists (VPV2R) and Somatostatin have been shown to reduce this pathological ac-
cumulation of cAMP with promising results (Torres et al., 2004; Ruggenenti et al., 2005).
As an example, the TEMPO 3:4 phase 3 clinical trial carried on 1,445 patients showed
that the vasopressin V2 antagonist Tolvaptan slows the decline in kidney function by re-
ducing the total kidney volume increase by about 1.99 % in CKD1 patients and 3.12 %
in CKD2 patients (Torres et al., 2012, 2016). This molecule also presents the advantage
of being well tolerated (Boertien et al., 2013; Torres et al., 2016). Tolvaptan was the first
pharmaceutical agent approved for treatment against ADPKD and is now commercialised
under the trademarked name Jinarc® in the European Union, Switzerland, Japan, Korea
and Canada (Gansevoort et al., 2016). The US regulatory agency, the Food Drug Admin-
istration, has asked for more data about efficacy and safety as some concerns were raised
over liver tolerance and long term efficiency (Torres et al., 2016). However, the TEMPO
4:4 trial recently reported a sustained beneficial effect of this drug on eGFR which sugges-
ted a disease-modifying effect, despite limitations such as loss of randomisation resulting
in an unexpected loss of the effect on total kidney volume over time (Torres et al., 2017).
The ERA-EDTA recently released some recommendations on the use of Tolvaptan in-
cluding contraindications and inclusion criteria in order to limit the use of this drug to the
patients the most likely to benefit from the treatment (Gansevoort et al., 2016).
Other molecules targeting the cAMP pathway are also under trial, such as long-acting
somatostatin analogues. Binding to somatostatin receptors is known to inhibit cell pro-
liferation and secretion of several hormones such as insulin and glucagon and of growth

factors such as IGF-1 and VEGF (Pyronnet et al., 2008).
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Somatostatin also inhibits the generation of cAMP and cell proliferation in several
models of the disease (Friedlander and Amiel, 1986). Therefore, synthetic peptides
targeting the same receptor as somatostatin but with a longer half-life (octreotide and
pasireotide) were developed and tested during small-scale studies on ADPKD patients.
The results of these studies were encouraging, suggesting a reduction of liver and kidney
volume in the first year of treatment and a good tolerance towards the drugs (Ruggenenti
et al., 2005; Hogan et al., 2010). A longer-term study showed a significant reduction of
total kidney volume in patients treated with octreotide compared to the placebo group and
a stabilisation of the eGFR over 3 years (Caroli et al., 2013), opening doors to larger tri-
als involving more patients and longer time-scales. Finally, a Tolvaptan plus pasireotide
combination treatment showed additive effects of these two drugs in a hypomorphic Pkd1
mouse model, and suggests that combination therapy could be a strong option in future
treatments of ADPKD patients (Hopp et al., 2014).

Another major pathway, Akt/mTOR, is linked to the PC1/PC2 complex and its de-
regulation leads to an excessive cell growth (Shillingford et al., 2006). Treatments tar-
geting this pathway, such as rapamycin (Sirolimus), aim to reduce cell proliferation, but
so far clinical trials have given contradictory results and this option has not been valid-
ated (Jardine et al., 2013; Ponticelli and Locatelli, 2010). Indeed, although low doses of
rapamycin improved short term renal function of ADPKD patients (Braun et al., 2014),
adverse effects were observed in many patients and early trial termination of the SIRENA
2 study was recommended, added to the lack of efficiency of this drug on total kidney
volume (Ruggenenti et al., 2016). Hence, new ways of targeting the Akt/mTOR pathway
as treatments for ADPKD still need to be identified.

CFTR (Cystic Fibrosis Transmembrane Conductance Regulator) is a CI transporter
localised across epithelial cell membranes (Terryn et al., 2011), regulated by cAMP.
Some potential therapies such as thiazolidinones, glycine and malonic acid hydrazides
or pyrimido-pyrrolo-quinoxalinediones are targeting this mechanism to limit the fluid ac-
cumulation in the cysts with encouraging results in mice models of ADPKD (Yang et al.,

2008a).
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Other strategies and targets are currently being investigated in pre-clinical or clinical
studies and gave promising results so far. Among them, Triptolide was found to act as a
PC2 agonist and to reduce kidney cysts in rodents (Leuenroth et al., 2008), and Bosutinib
- an Src tyrosine kinase inhibitor - was shown to reduce renal cysts number and volume
in rodents (Elliott et al., 2011).

The management of ADPKD symptoms and complications involves many comple-
mentary treatments. As hypertension is a major cause of death in ADPKD patients, a
good blood pressure control is essential, especially in patients with large kidneys. As said
above, renin-angiotensin-aldosterone (RAAS) inhibitors such as angiotensin-converting
enzymes (ACE) inhibitors are the classic treatments for this condition as renin and an-
giotensin are abundantly present in dilated tubules and cysts (Loghman-Adham et al.,
2004). Recently, the HALT-PKD study studied the effects of the ACE inhibitors in
ADPKD patients and concluded that these drugs could control hypertension in 70 % of
them and that the rate of increase in kidney volume was reduced by 14 % in younger pa-
tients. ACE inhibitors, however, did not have a significant impact on eGFR (Schrier et al.,
2014; Torres et al., 2014). Pain management may require analgesia using the drugs men-
tioned in the PKD section above (i.e. acetaminophen in first instance, codein and even-
tually morphine) but can be difficult to treat and surgical interventions can be considered
in some specific cases (Bansal and Kapoor, 2014). Kidney transplantation is considered
when patients develop ESRD and is not associated with more complications than in other
diseases (Pirson et al., 1996). However, kidney replacement does not prevent the devel-
opment of extra-renal manifestations such as liver cysts or intracranial aneurysms. While
somatostatin analogues have been shown to reduce the growth of hepatic cysts, they still
have not been approved as a treatment and are only being currently used in advanced clin-
ical trials (Caroli et al., 2013). Intracranial aneurysms are mostly treated using a surgical
technique called clipping, consisting in permanently clipping a small titanium ring at the
base of the aneurysm in order to isolate it from the normal blood flow (Cagnazzo et al.,
2017).

The following figure (Figure 1.4, from Salvadori and Tsalouchos (2017)) depicts the main

pathway-targeting therapies currently considered important in cystic pathogenesis.
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Figure 1.4: Main pathways linked to ADPKD and their targeting therapies.

cAMP: cyclic adenosine monophosphate / CFTR: cystic fibrosis transmembrane regulator / EGFR:
epidermal growth factor receptor / ER: endoplasmic reticulum / ERK: extracellular-signal regu-
lated kinase / GlcCer: glucosylceramide / HDAC: histone deacetylase / IL-6: interleukin-6 re-
ceptor / MEK: mitogen activated protein kinase / mTOR: mammalian target of rapamycin / PC:
polycystin / PDE: phosphodiesterase / PKA: protein kinase A / SR: somatostatin receptor / TSC:
tuberous sclerosis / V2R: vasopressin V2 receptor.

Reused with permission from Salvadori and Saluchos, Eur Med J 2017, under CC-BY-NC 4.0
license.

1.2.2 The PKD genes

ADPKD is caused by germline mutations in one of two genes: PKDI (85 % of cases) and
PKD?2 (15 %). Some studies had suggested the existence of a third locus (Turco et al.,
1996; Ariza et al., 1997), but this has since been contradicted (Paul et al., 2014). Recently,
mutations in GANAB, encoding the glucosidase II alpha subunit, were reported to cause
ADPKD with a milder phenotype than PKDI and PKD2 and to account for ~0.3 % of all
cases of ADPKD (Porath et al., 2016).
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Polycystic Kidney Disease 1 (PKDI) PKDI is located on chromosome 16p3.3 (base
pairs 2,088,707 to 2,135,897) and has 46 exons. The Ensembl Genome Database (see
www.ensembl.org) describes 40 different transcripts (splice variants), 9 of them coding
for a protein. As of June 227 2017, the ADPKD mutation database (accessible from
http://pkdb.mayo.edu/) referenced 1,273 germline mutations of PKDI deemed “patho-
genic”. These mutations can be deletions, substitutions or frameshifts and can appear all
along the PKD1 sequence. PKDI encodes a large membrane protein: polycystin 1 (PC1).
It is a 462 kDa protein, 4,303 amino acids long, with an extracellular domain (N-terminal)
containing the first 3,000 amino acids, a transmembrane domain and an intracellular do-
main (C-terminal) (Hughes et al., 1995) (see Figure 1.5). The large size of this protein
and the existence of six highly homologous pseudogenes (99 % identity) make it difficult
to sequence (Li, 2015).

N-term

@ Leucin-Rich Repeat domain

@ WSCdomain < GAIN domain

@ PKD domain @ GPS cleavage site
@ C-lectin @ PLAT domain

s LDL-A = Coiled-coil
< REJ domain (interaction with PC2)

C-term

Figure 1.5: Polycystin 1 protein. PC1 is composed of three main domains: an extracellular N-
terminal tail containing 16 PKD domains, an intra-membrane domain that crosses the membrane
11 times, and an intracellular C-terminus, site of interaction with PC2.

The extracellular N-terminus of the protein contains various structural domains (LRR,
WSC, C-lectin, LDL-A, PKD, REJ, GAIN and GPS) which give it the ability to perform
multiple different functions. The two Leucin-Rich Repeats (LRR) are involved in PC1’s

cell adhesion and its interaction with the extracellular matrix and other proteins
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(Kobe and Kajava, 2001; Malhas et al., 2002). The cell wall integrity and stress response
component (WSC) domain has been reported to interact with several members of the Wnt
pathway (along with the LRR domain) and carbohydrates (Ponting et al., 1999; Kim et al.,
2016). The C-lectin domain suggests that the protein can bind carbohydrates in a Ca**
dependent-manner (Weston et al., 2001). The presence of the LDL-A region, coded by
exon 10 of the PKD1 gene, suggests an interaction of PC1 with LDL-related molecules
and carbohydrates (Babich et al., 2004). Following these motifs, 15 PKD domains asso-
ciated with an extra repeat a few exons upstream of the C-type lectin domain, compose
about 30 % of the PC1 protein and form an immunoglobulin-like domain (Bycroft et al.,
1999). Homophilic interactions between the PKD domains have been demonstrated to
mediate cell-cell interactions and communication (Streets et al., 2003, 2009). The re-
ceptor for egg jelly (REJ) is essential for the cleavage of polycystin and may be involved
in Ca2t signalling functions of the proteins (Qian et al., 2002; Babich et al., 2004). The
GAIN domain, first crystallised by Arag et al., is a highly conserved 320-residue region
and contains a motif of 50 residues mediating the N-terminal cleavage of PCl; the G
protein-coupled receptor proteolytic site (GPS) (Arac et al., 2012; Qian et al., 2002). The
N-terminal fragment then remains covalently associated with the C-terminal fragment.
The functional role of this cleavage still remains to be fully defined but it was suggested it
is essential for the homeostasis of distal nephrons and PC1 trafficking and that missense
mutations of PKD/ inhibiting this process result in ADPKD in human (Qian et al., 2002;
Kim et al., 2014a; Trudel et al., 2016). Globally, the N-terminal domain plays a role in
cell-matrix or cell-cell adhesion (Qian et al., 2005).

There are eleven predicted transmembrane domains separated by extracellular and intra-
cellular loops, the roles of which are not fully determined. Our group recently reported
that the polycystin-1 lipoxygenaseo-toxin (PLAT) domain, a signature domain of the
polycystins family because of its highly conserved sequence and identification in over
1000 proteins (Ponting et al., 1999), binds to Ca>* and B-arrestins via protein kinase A
(PKA)-mediated phosphorylation, leading to PC1 endocytosis (Xu et al., 2016).
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Finally, the intracellular C-terminal domain is composed of the last 200 amino acids

and contains a coil-coiled region which mediates interaction between PC1 and PC2. Some
groups have reported that the C-terminal tail can be cleaved to release either a 15 kDa or
a 30 kDa fragment that translocates to the nucleus. Because of its interactions with p100
and STAT6, this PC1 fragment could potentially directly regulate gene transcription (Lal
et al., 2008; Low et al., 2006). The coil-coiled domain interacts with polycystin 2 and a
G-protein activation motif (Parnell et al., 1998, 2002).
Polycystin-1 is widely expressed, from the epithelial cells of the renal tubules to the pan-
creas, brain, intestine and other tissues. It is localised essentially in the membrane of the
primary cilium but also in the plasma membrane where it plays a role in cell-cell adhesion
(adherens and tight junctions, desmosomes) (Newby et al., 2002; Yoder et al., 2002).

Mouse models of ADPKD include knock-outs of Pkdl; however other animals have
been studied to overcome the limitations of the murine model. The amphibian homologue
of Pkdl (in Xenopus) has 60 % of homology with the human gene (Burtey et al., 2005).
The dog and pig Pkdl genes have 81 % of homology (He et al., 2011a, 2013), whereas
the mouse gene has 78 %. In general, Pkdl is well conserved among species (see Figure

1.6), meaning that animal models other than mouse/rat could be used to study ADPKD.

Human
1: Human 100.00 _ﬂ Chimpanzee
2: Chimpanzee 98.51 Macaque
3: Macaque §92.32
4: Wolf £1.65 I: Wolf
5: Taurus 81.01 Taurus
6: Mouse 78.48
7: Rat 78.70 o Mouse
8: Chicken 55.77 Rat
9: Zebrafish 40.50 Chicken
Zebrafish

Figure 1.6: Conservation of PKD1 across species.
Percentages of homology between the PC1 protein in Human vs. other species (left). Phylogenetic
tree for the PC1 protein (right). Source: ClustalW2 alignment tool (www.ebi.ac.uk).
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Polycystic Kidney Disease 2 (PKD2) PKD?2 (4922.1) is a 15-exon, 70 kb long gene
(base pairs 88,007,646 to 88,077,778). According to Ensembl, it has seven transcripts,
three of them coding for a protein. As of June 22" 2017, 202 PKD2 germline mutations
were described as “pathogenic” (http://pkdb.mayo.edu/).

PKD?2 codes for the transmembrane protein polycystin-2 (PC2). This 968 amino acid
protein (109 kDa) has six transmembrane domains homologous to those of PC1, and

intracellular N- and C-termini (Wilson, 2001) (see Figure 1.7).

“N Coiled-coil (interaction with PC1)
T ER-retention site
@ EF-hand

e Ca? @ TOP domain

Figure 1.7: Polycystin 2 protein. PC2 is composed of an intracellular N-terminus, six transmem-
brane domains , the TOP (tetragonal opening for polycystins) domain, an EF-hand motif binding
to Ca®*, an ER-retention domain restricting its trafficking to the cell surface and an intracellular
C-terminus, site of interaction with PC1.

PKD? is expressed in the kidney but also in various other organs. The protein is loc-
alised in the primary cilium with PC1, the apical monocilium, mitotic spindles and in
intracellular compartments such as Golgi and ER (Nauli et al., 2003; Yoder et al., 2002).
PC2 is maintained in these specific locations by several proteins. The ER-localisation
is regulated by the binding of the PC2 C-terminus to PACS-1 and PACS-2 (Phosphofurin
Acidic Cluster-Sorting protein) (Kottgen and Walz, 2005). The N-terminal tail of PC2 can
also regulate its localisation in the primary cilium via the R6VxP motif (Geng et al., 2006)
or in the mitotic spindle via mDial (Rundle et al., 2004). Streets et al. demonstrated that
Glycogen Synthase Kinase 3 (GSK3) phosphorylates Ser76 (N-terminal region of PC2),
which is essential for the retention of PC2 at the plasma membrane (Streets et al., 2006).

PIGEA-14 (PC2-Interactor, Golgi and ER-Associated protein) controls the movement of
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PC2 from the ER to the Golgi, by binding its C-terminal tail (Hidaka et al., 2004).

The structure of polycystin 2 is still being investigated. PC2 interacts with PC1 via its
coil-coiled domain in the C-terminus and can also form homodimers via this region. The
main role of PC2 is to act as a non-selective Ca* channel (Allen et al., 2006). The ER-
retention site located near the coiled-coil domain is thought to inhibit its trafficking to the
cell surface (Cai et al., 1999; Delmas et al., 2004). The EF-hand motif of PC2 forms a
pocket-like structure that binds to Ca>* jons and participates in the change of conform-
ation of this protein depending on calcium concentration by mechanisms not yet fully
understood (Allen et al., 2014). Shen et al. were the first to report the presence of what
they called a polycystin domain, covalently linked to the first and second helices, and
suggested a role of this domain in channel assembly and modulation (Shen et al., 2016).
Grieben et al. recently performed the first crystallisation of the full closed version of the
protein, giving more insights into its structure and function. They confirmed the exist-
ence of the polycystin domain, which they renamed TOP domain (standing for Tetragonal
Opening for Polycystins). This region is on the extracellular surface when polycystin 2
is localised in the plasma membrane and its glycosylation is essential for the trafficking
and stability of PC2 (Hofherr et al., 2014). Furthermore, Wilkes et al. recently reported
the presence of two PC2 conformational states; an open’ conformation where the lipid-
mediated interaction between the TOP and C-terminal domain lead to a larger opening of
the funnel and a more closed’ state which is suggested to restrict the passage of ions such
as Ca2*, Na* and K* (Wilkes et al., 2017).

PC2 has homologies with the transient receptor potential family (TRP) (hence its other
name, TRPP2) and channel opening is regulated by Ca?* (Vassilev et al., 2001; Giamar-
chi et al., 2006). Ca”* entry is thought to be mediated through a pore formed between the
fifth and sixth transmembrane domains of the protein (Grieben et al., 2016). PC2 can also
regulate the cytosolic Ca®* levels indirectly by functional interactions with other Ca®*
channels; e.g. IP3R and ryanodine receptor (Sammels et al., 2010; Anyatonwu et al.,

2007).
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The PC1/PC2 heterodimer The heterodimer formed by the association between PC1
and PC2 in the primary cilium forms a non-selective mechanoreceptor for Ca?* (Yoder
et al., 2002). The cilium is a mechanosensory structure present in cells and essential
for normal development notably because of its role in Hedgehog signalling, involved in
cell differentiation (Ingham and McMahon, 2001; Huangfu et al., 2003). It is composed
of a basal body from which originate the microtubules and fibers forming its structure
(Singla and Reiter, 2006). Intraflagellar transport (IFT) is a bidirectional transport system
driven by kinesins (anterograde transport, Kozminski et al., 1995) and dyneins (retrograde
transport to the cell body, Pazour et al., 1998). The flow bending of the primary cilium is
sensed by PC1 which is thought to undergo cleavage and structural rearrangement when
forming an heteromeric complex with polycystin 2, which leads to the activation of the
Ca®* channel function of PC2 (Nauli et al., 2003; Delmas et al., 2004; Singla and Reiter,
2006). Nauli et al. suggested that the first PKD domain of PC1 as well at what is now
known as the TOP domain as PC2 are responsible for this mechanosensor and channel
functions of the PC1/PC2 complex, as blocking of these regions by specific antibodies
led to the inhibition of the Ca?* influx mediated by this complex (Nauli et al., 2003).
Interestingly, each protein can have regulatory effects on the other (Newby et al., 2002),
the binding of PC1 to PC2 being essential to its maturation in ADPKD mice models
(Gainullin et al., 2015).
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Figure 1.8: The PC1/PC2 protein in the primary cilium.

Once colocalised in the primary cilia, PC1 interacts with PC2 via their coiled-coil domain. It acts
as a sensor for the calcium influx and activates PC2 which will then open a Ca* channel and allow
calcium entry into the lumen of the cilium. The calcium will then participate in the regulation of
multiple pathways such as Wnt, mTOR and modulate planar cell polarity.

Post-translational modifications of the dimer have been shown to modulate its activity.
For example, five serine residues were reported to be phosphorylation sites for PC2 and
to regulate major processes such as surface localisation and trafficking, regulation of PC2
by Ca?* and Ca?* permeability (Cai et al., 2004; Kottgen et al., 2005; Streets et al.,
2006, 2013). Furthermore, ubiquitination of both PC1 and PC2 from the binding of dif-
ferent ubiquitin-ligases (e.g. Taz) results in their degradation by the proteasome. The
phosphorylation and subsequent degradation of Taz, a protein known to regulate the de-
gradation of B-catenin and thus activate the Wnt pathway, has been shown to lead to an
abnormal accumulation of PC2 and the formation of cystic nephrons (Tian et al., 2007,

Yim et al., 2011).

23



Chapter 1. Introduction Laura Vergoz

The PC1/PC2 complex has been implicated in interacting with various cellular signalling
pathways. Indeed, it has been linked to regulation of cell proliferation and differenti-
ation — negatively controlling cell growth via the mTOR or STAT1/p21 pathways, to G-
proteins activation, and to both the canonical and non-canonical Wnt pathways (Chapin
and Caplan, 2010). The link between PC1/PC2 and these essential pathways is critical
to understand the cystic pathogenesis (Newby et al., 2002). The loss of planar cell polar-
ity could be caused by the activation of Wnt signalling and inhibition of non-canonical
Whnt signalling, which would lead to the metamorphosis of tubular structures into cysts
(Fischer et al., 2006). In healthy cells, PC1/PC2 inhibits mTOR and thus limits cell pro-
liferation, partly explaining the aberrant cell growth and apoptosis in ADPKD kidneys.
A recent study described the presence of a feedback loop between mTOR and PC1, the
inhibition of mTOR by PC1 leading to a down-regulation of the polycystin in return. The
over-expression or over-activation of the mTOR pathway led to a strong inhibition of PC1
hence the formation of cysts in the kidney (Pema et al., 2016), confirming that a tight
regulation of PC1 levels is key to preventing cystogenesis. Furthermore, a pathogenic
mutation of either PC1 or PC2 leads to an inactive mechanoreceptor and a deregulation
of Ca?* influx. Typically, cystic cells show lower intracellular calcium concentrations
and depleted ER calcium stores (Xu et al., 2007), potentially leading to increased levels
of cAMP. This is in accordance with the fact that calcium acts as a regulator of cAMP
concentrations. Increases in cAMP have been shown to stimulate cystic cell proliferation
(Torres and Harris, 2014).

Interestingly, the PC1/PC2 heteromeric complex has also been reported to be present in
organs other than the kidney and to be involved in disorders in these other locations. For
example, in the vascular system, endothelial Pkd 1™Vl and Pkd2” cells lose their abil-
ity to synthesise nitric oxide, which might lead to the high blood pressure (Nauli et al.,
2008; Aboualaiwi et al., 2009) commonly found in ADPKD patients. Furthermore, these
two proteins were reported to be essential to the integrity of blood vessels and heart of

different Pkdl and Pkd2 knock-out mice models (Kim et al., 2000; Wu et al., 2000).
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Additionally, PkdI- and Pkd2-deficient mice exhibited oedema suggested to be caused
by defects in their lymphatic system including reduced vessels branching, defective dir-
ectional migration and front-rear polarity of their endothelial cells (Outeda et al., 2014).
Finally, Xiao et al. reported the presence of cilia and expression of PC1/PC2 in osteo-
blasts/osteocytes and suggested that polycystin 1 plays a role in bone development and
bone formation mediated by these specific cells (Xiao et al., 2006). This was the first hint
that the polycystins may be involved in bone development and that their deregulation may

participate in bone turnover in some ADPKD patients.

PKD genes mutations and mechanisms of ADPKD pathogenesis

With respective median ages at ESRD onset of 54.3 and 74.0 years, a PKDI-profile
ADPKD has a much poorer renal prognosis than PKD2-ADPKD (Hateboer et al., 1999;
Cornec-Le Gall et al., 2013). This is not due to a faster cyst growth but to an increased
number of cysts (Harris et al., 2006). Both ADPKD genes are highly heterogeneous and
mutations can occur along the whole gene (Rossetti et al., 2001). Mutations of PKD1 and
PKD?2 can be classified in two categories: truncating mutations (frameshift, non-sense,
rearrangement or splicing) and non-truncating mutations (missense, indel). The severity
of the disease has been linked to the type of mutation and not to its location on the gene
(Cornec-Le Gall et al., 2013) (see Figure 1.9), with a delayed onset of ESRD by 12 years

in the patients carrying a non-truncating mutation of PKD].
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Figure 1.9: Renal survival of patients carrying different mutations.

(left) Comparison of renal survival in PKD] truncating mutation, non truncating mutations and
PKD?2 mutation carriers. (right) No effect of the position of the mutation could be shown . From
Cornec-Le Gall et al. JASN 2013 (reused with permission from American Society of Nephrology
publisher, available upon request).
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The timing of PkdI-inactivation has been shown to be critical for the development
of renal cysts. Whereas an inactivation of Pkdl in mice at postnatal day 2 will lead
to a cystic enlarged kidney by two weeks, the same inactivation in 6 weeks old mice
will induce cysts only after 6 months, which proves the essential role of Pkdl for tubu-
lar integrity with the different impact of the mutation depending on the timing of onset
(Piontek et al., 2007). Another study demonstrated a difference in the cystic development
between newborn mice and adult mice, the latter showing a milder phenotype (Lantinga-
van Leeuwen et al., 2007). This difference could be explained by an impact on different
pathways between early and late inactivation.

An important aspect of ADPKD pathogenesis is that a germline mutation in one of the
two PKD genes is not the only determinant of ADPKD progression and cyst formation:
this mutation has to be associated to a sporadic event to induce the disease (“two-hits
hypothesis”) (Qian et al., 1996; Watnick et al., 1998; Pei et al., 1999; Pei, 2001). Indeed,
although all the cells forming the ADPKD patients’ kidneys carry the same germline
mutation, only a small proportion of them will become cystic. Furthermore, within the
same family the symptoms and severity of the disease can be highly variable. A study
of 1996 showed that twins carrying the same PKD/ mutation presented significantly dif-
ferent phenotypes (Peral et al., 1996), indicating that the “sporadic events” can be PKD
genes-independent factors such as environment, epigenetics or regulators of gene tran-
scription (miRNAs, see below). However this difference in phenotype is much stronger
between siblings than between identical twins (Persu et al., 2004). Thus, genetic factors
such as somatic mutations are also of importance in ADPKD progression. Both mutations
could affect different genes, and cysts can develop with a germline mutation of PKD1 and
a somatic mutation of PKD2 (Koptides et al., 2000) or vice-versa (Watnick et al., 2000)
(transheterozygosity).

Another theory about cyst formation, called “haploinsufficiency”, states that the level
of PC1 or PC2 correlates with the degree of cysts formation (Lantinga-van Leeuwen et
al., 2004). This could explain the difference in phenotypes depending on the mutation
of PKDI mentioned above (Cornec-Le Gall et al., 2013). There are suggestions that

the threshold under which cysts formation is triggered varies depending on the cell type,
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nephron segment or organ (Raphael et al., 2009; Ong and Harris, 2015). Furthermore,
some genes that directly interact with PC1 or PC2 as well as miRNAs targeting their
mRNA were suggested to be responsible for this reduction of the polycystins dosage in the
kidney. For example, HNF-1f has been reported to interact with Pkd2 and directly reg-
ulate its transcription (Gresh et al., 2004), and patients carrying deleterious mutations in
this gene along with a defective PKD1 allele present a more severe phenotype (Bergmann
et al., 2011). Furthermore, a model of Phkd 19¢13%e134 q411 mice showed a strong reduc-
tion of cysts formation when another gene, Pax2, was also mutated and its protein was
expressed in reduced amounts (haploinsufficiency). Because the authors also showed that
Pax2 expression was repressed by PC1 in MDCK cells, they suggested that the increased
levels of Pax2 resulting from a germline mutation of Pkdl and thus its reduction could
act as a second hit influencing the pathogenesis and phenotype of ADPKD (Stayner et
al., 2006). Qin et al. reported the same increased expression of Pax2 in Pkdl”" mice
but linked it to the over-expression of the Wnt7a and Wnt7b genes, itself caused by an
increased cAMP signalling or the mutation of a protein involved in the ciliary IFT sys-
tem; IFT20 (Qin et al., 2012). All these taken together suggest that the control of Pax2
expression levels or those of its regulating proteins could potentially be an option for the
development of therapies against ADPKD.
Regarding miRNAs, Patel et al. reported that targeted deletion of the Dicer protein in-
volved in miRNAs maturation (see below) led to the down-regulation of miRNAs such
as mir-200 hence to an up-regulation of Pkdl and the production of cysts-like structures
(Patel et al., 2012). Another example is the mir-17~92 family, up-regulated in ADPKD,
and whose inactivation in mice improved renal function and delayed cysts growth (Patel
et al., 2013). Anti-mir-17 treatments performed in Pkhdl/Cre; Pkd2™F (Pkd2-KO) mice
were found to efficiently reduce cysts formation (Hajarnis et al., 2017), suggesting that
this cluster of miRNAs could be developed as ADPKD treatments in the future.

An increased sensitivity of PKDI or PKD2 mutant kidneys to injury has also been
reported to be a factor influencing cysts formation and progression in ADPKD patients
which suggest that the second hit does not necessarily occur at the genetic level, or that a

"third hit’ can exist and worsen the phenotype (Takakura et al., 2009).
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Generally, it is thought that multiple genetic and environmental events occur and promote
cysts growth and multiplication (Ong and Harris, 2015).

Figure 1.10 summarises the mechanisms suggested to induce cysts formation and influ-
ence their progression, as well as the impact on these cysts’ growth on the surrounding
tissues, i.e. the progressive fibrosis of the renal tissue and the infiltration of immune cells

at late stages.
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Figure 1.10: Mechanisms of cysts formation and progression in ADPKD.

All the epithelial cells contain one normal and one mutated PKD/ or PKD?2 allele. Cysts initiation
occurs when the polycystins expression levels drop below a critical threshold, or under pressure
from a somatic mutation (’second-hit’). The cysts progress at variable speed, which can be accel-
erated by injury and cells repair. Multiple affected pathways lead to parallel hyperproliferation,
polarity changes and fluid transport, hence to complete cysts formation which will locally stress
adjacent tissues, inducing more injury and an increased fibrosis of the renal tissue, as well as the
infiltration of immune cells and the multiplication of complications from the disease.

A detailed characterisation of the multiple sporadic factors linked to ADPKD will
improve our understanding of the disease and enable more effective treatment strategies

in the future.
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1.3 Micro-RNAs: new tools in the characterisation of factors inducing

ADPKD

1.3.1 Biogenesis and functions of the miRNAs

Definition Micro-RNAs (miRNAs) are a family of recently discovered nucleic acids
which act as regulators of genes expression. The first miRNA was described in 1993 by
Rosalind Lee, Rhonda Feinbaum and Victor Ambros, who were working on the larval
development of C. elegans. They discovered that a gene involved in the timing of devel-
opment called lin-4 was coding for small RNAs instead of a protein (Lee et al., 1993).
Since this major discovery, hundreds of miRNAs have been characterised in various
organisms, from Arabidopsis thaliana (Llave et al., 2002), Drosophila melanogaster
(Schertel et al., 2012), zebrafish (Wienholds et al., 2005) and Xenopus laevis (Tang and
Maxwell, 2008). The miRNA database, miRBase (mirbase.org), referenced only 218
different miRNAs in December 2002 and more than 28,000 (1,881 human) as of June
2017 (Kozomara and Griffiths-Jones, 2014) which shows the tremendous interest in these
nucleic acids since their discovery. The current consensus for the definition of a miRNA
regroups several criteria such as: an homogeneity of 5’ end, a phylogenetic conservation,
a 3’ overhang structure in the miRNA duplex (proves a processing mediated by RNase
III), abundant sequencing reads and proofs of association with Argonaute (Ha and Kim,
2014). MiRNAs differ from small interfering RNAs (siRNAs) by their nuclear process;
miRNAs are generated from short hairpin RNAs processed by the RNase III proteins
Drosha and then Dicer whereas siRNAs are issued from long double-stranded RNAs
and only cleaved by Dicer. Furthermore, while both siRNAs and miRNAs regulate
genes translation (the former by endonucleolytic cleavage, the latter by translational
repression or degradation of mRINA, Valencia-Sanchez et al., 2006), siRNAs also have
a role in the defence against viruses (Ghildiyal and Zamore, 2009). Finally, siRNAs are
fully complementary to their mRNA target, which confers them a specificity of action,
whereas miRNAs are only partially complementary to the mRNA and therefore are able

to target multiple genes (Lam et al., 2015).
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MiRNAs are short (=22 nucleotides), non-coding, single-stranded RNAs. They regu-
late gene expression post-transcriptionally mostly by targeting their mRNA’s 3’UTR (un-
translated region at the 3’ end) and are responsible for the integrity of most major path-
ways such as cell proliferation, cell growth, development, metabolism and homeostasis
(Ameres and Zamore, 2013). Sequences coding for miRNAs are thought to represent 1 to
3 % of the mammalian genome (Bartel, 2004), and as each miRNA is predicted to target
several hundreds of mRNAs, more than half of the protein-coding genes are predicted to

be regulated by these elements in humans (Friedman et al., 2009).

MiRNAs promoters Because their genes are mostly distant from the protein-coding
genes, it has been suggested that miRNAs derive from their own transcription units
(Lagos-Quintana et al., 2001). 68 % of the human miRNA genes found in miRBase
are intergenic, while 12 % are intronic and the rest are located in UTR, IncRNA or cod-
ing regions of protein-coding genes (Cammaerts et al., 2015). The characterisation of
miRNAs promoters and the role of transcription factors on their expression is still not
well known, and only a small number of transcription starting sites (TSS) have been con-
firmed (Zhao et al., 2017). Several promoter-prediction or recognition algorithms have
been developed over the past few years. They have based their analyses on histone mark-
ers (CoreBoost_HM, Wang et al., 2009c), RNA polymerase Il binding (MicroTSS, Geor-
gakilas et al., 2014), single or combinations of genome sequence features such as simil-
arity with pol II promoters (CoVote, Zhou et al., 2007), TATA and CCAT boxes (Fujita
and Iba, 2008) or CpG islands density and conservation scores (promiRNA, Marsico et
al., 2013), or nucleosome-free regions identified by high-throughput sequencing (Marson
et al., 2008). A few databases are currently listing promoters from miRNAs, the most
extensive one being miRGen (accessible from http://www.microrna.gr/mirgen, Alexiou
et al., 2009) and its derivative DIANA-mirGen v.3.0 (Georgakilas et al., 2016) with 812
human and 386 mouse miRNASs recorded (Zhao et al., 2017).

Biogenesis of mammal miRNAs As seen in Figure 1.11, they are transcribed by RNA
polymerase II as long precursor transcripts; the primary-miRNAs (pri-miRNAs), stem-

loop structures of ~80 bases (Lee et al., 2004b).
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Several factors have been reported to regulate the expression of some miRNAs, such
as MYC, p53, ZEB1/2 and MYODI1 (Kim et al., 2009; Krol et al., 2010) or epigenetic
modifications such as histones modification or methylation of the DNA (Yu et al., 2005;
Liu et al., 2016). In some cases, a single promoter initiates the co-expression of multiple
(polycistronic) miRNAs usually located close to each other (Kim et al., 2009).

The pri-miRNA stem-loop is then cleaved by the microprocessor complex in the nuc-
leus and gives rise to the precursor-miRNA (pre-miRNA, ~60 bases, see Denli et al.,
2004). The microprocessor complex comprises the double-stranded RNA-binding pro-
tein DGCR8/Pasha (Landthaler et al., 2004) and the RNase III enzyme Drosha (Lee et al.,
2003), composed of one RNA-binding domain and two RNase III domains, each cutting
a different strand of the pri-miRNA (Blaszczyk et al., 2001). Interestingly, Drosha can
excise several pre-miRNAs from one miRNA, which suggests that several targets of the
same pathway could be regulated at the same time (Denli et al., 2004; Gregory et al.,
2004). DGCRS interacts with Drosha via its C terminus and with the pri-miRNA via its
RNA-binding domains and via its heme-binding domain, heme being an essential cofactor
for the processing of pri-miRNAs (Yeom et al., 2006; Quick-Cleveland et al., 2014). The
microprocessor complex cleaves the miRNA at ~22 bp from the loop and ~11 bp from
the region where the two strands separate (Han et al., 2006; Zeng et al., 2005).

The microprocessor complex-mediated miRNA cleavage is regulated by multiple factors.
For example, the two proteins Drosha and DGCRS co-regulate each other by a feedback
loop: Drosha cleaves DGCR8’s mRNA which leads to its destabilisation (Kadener et
al., 2009), and DGCRS participates in Drosha’s stability by protein-protein interactions
(Yeom et al., 2006; Han et al., 2009). Acetylation of Drosha will inhibit its degrada-
tion (Tang et al., 2013) and GSK3-mediated phosphorylation is essential to its nuclear
localisation and enhances miRNAs biogenesis (Fletcher et al., 2017). Furthermore, phos-
phorylation of DGCRS8 by ERK will increase its stability (Herbert et al., 2013), while
HDACI (histone deacetylase) will deacetylate it which will confer it a higher affinity for
pri-miRNAs (Wada et al., 2012). The DEAD-box helicases DDX3X, p72 (DDX17) and
p68 (DDXS5) have been shown to be essential for the processing of certain subsets of

miRNAs (Zhao et al., 2016; Remenyi et al., 2016; Salzman et al., 2007).
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The SMAD proteins and p53 interact with p68 and hence regulate the microprocessor’s
activity (Davis et al., 2010; Garibaldi et al., 2016). ADAR and TAR-binding protein
(TDP-43) were also reported to interact with the microprocessor complex and regulate
its activity (Di Carlo et al., 2013; Bahn et al., 2015). Finally, other proteins will affect
pri-miRNAs processing by Drosha and DGCRS by binding to their terminal loop. For
example, KSRP (KH-type splicing regulatory protein) and hnRNP A1l (heterogeneous
nuclear ribonucleoprotein A1) will facilitate Drosha-mediated processing by binding to
the loop of pri-let-7 and pri-mir-18a, respectively (Guil and Caceres, 2007; Trabucchi et
al., 2009), while LIN28A will inhibit this processing by binding to pri-let-7 loop (Nam
et al., 2012).

Interestingly, another class of miRNAs, which is not processed via the classic pathway,
has been described: the mirtrons. Their promoter may be independent from the gene
they are coded in (Monteys et al., 2010), and their pri-miRNA is encoded in introns and
not processed by the microprocessor complex but needs pre-mRNA splicing, with the
intervention of the debranching enzyme DBR1 (RNA lariat debranching enzyme) that
linearises the intron (Ruby et al., 2007; Okamura et al., 2007). Several studies (Ladewig et
al., 2012; Berezikov et al., 2007; Havens et al., 2012) have identified mirtrons in mammals
and new ones are regularly discovered.

After having been generated by the microprocessor complex in the nucleus, the pre-
miRNA is then exported by Exportin-5 (XPO-5) from the nucleus to the cytoplasm (Lund
et al., 2004). This transport is dependent on the interaction of XPO-5 with RAN-GTP, a
GTP-binding protein acting as a co-factor (Bohnsack et al., 2004). GTP is hydrolysed by
RAN-GTP during the transport through the nuclear membrane which leads to the disas-
sembly of the complex and the release of the pre-miRNA into the cytoplasm. The recog-
nition of the pre-miRNA by XPO-5 is independent of its sequence but a double-stranded
sequence of minimum 16 bp in length is required (Lund et al., 2004). Interestingly, XPO-
5 knock-down was reported to induce a reduction of miRNA levels but no accumulation
of pre-miRNA in the nucleus, suggesting that XPO-5 may also act as a stabiliser of the
pre-miRNA (Yi et al., 2003; Iwasaki et al., 2013).
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Figure 1.11: Canonical pathway of miRNAs biogenesis in mammalian cells.

The miRNA genes are transcribed into long dsRNA (pri-miRNAs), whose single strand ends will
be cleaved by the microprocessor complex (Drosha and DGCR8 = Pasha, DiGeorge syndrome crit-
ical region gene 8) in the nucleus to give rise to pre-miRNAs. Exportin will mediate transport of
pre-miRNA from the nucleus to the cytoplasm, where the Dicer/TRBP (HIV-1 TAR RNA binding
protein) complex will cleave the terminal loop and load the miRNA/miRNA* duplex onto Argo-
naute proteins (Ago). The complex will then be unwound in this protein and, while the passenger
strand will be degraded, the guide strand will remain bound to Ago which will recruit GW182 to
form the mature miRISC complex in which the mature miRNA will exert its regulatory function
on its target mMRNA by binding to its seed sequence (classically in the mRNA’s 3°’UTR end).
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In the cytoplasm, the RNase III enzyme Dicer and TRBP (TAR RNA-binding pro-
tein) process the pre-miRNA into a mature miRNA duplex of ~20 nt (Zhang et al., 2004).
TRBP affects the stability of Dicer, as a decrease in the former leads to the latter’s destabil-
isation and defects in pre-miRNA processing (Chendrimada et al., 2005). Furthermore,
the MAPK/ERK pathway can phosphorylate TRBP which leads to higher expression of
some growth-stimulatory miRNAs and increased cell growth and proliferation (Paroo et
al., 2009). Similarly to their role on pri-miRNAs cleavage by Drosha, KSRP and LIN28A
can affect pre-miRNA processing by Dicer: KSRP interacts with their terminal loop and
enhance their Dicer-mediated processing (Trabucchi et al., 2009), while LIN28A will
block pre-let-7 cleavage by Dicer. Notably, let-7 itself targets Dicer’s mRNA which
shows the existence of a feedback loop (Forman et al., 2008) and highlights the need
for a tight regulation of the pre-miRNAs processing by Dicer/TRBP. Other proteins will
affect pre-miRNA processing by Dicer by degrading some pre-miRNAs or making them
too unstable to be able to undertake further processing steps. Among them, MCPIP1
(MCP-induced protein 1) was shown to cleave the terminal loop of some miRNAs (in-
cluding let-7g, mir-146a and mir-135b) and block their processing by Dicer (Suzuki et
al., 2011).

The preference of Dicer for some pre-miRNAs more than others or its efficiency depends
on the presence of a two-nucleotide-long 3’ overhang originally generated by the Drosha-
mediated cleavage (Zhang et al., 2004). Dicer will typically cleave the pre-miRNA struc-
ture 21 to 25 nucleotides away from the 3’ helical end of the dsRNA’s terminus (Zhang
et al., 2002; Vermeulen et al., 2005; MacRae et al., 2006; MacRae et al., 2007). Addition-
ally, when the phosphorylated 5° end is thermodynamically unstable, Dicer cleaves the
pre-miRNA 22 nucleotides away from it (Park et al., 2011). These two mechanisms lead
to heterogeneous miRNAs isoforms, as they can impact the 3” or 5’ end stability and thus
determine which strand will be loaded into miRISC (Frank et al., 2010). Although most
miRNAs genes will preferentially give birth to one mature miRNA strand more than the
other, the integrity of the miRNAs processing factors may affect this ratio, for example
depending on the developmental stage or tissue (Krol et al., 2004; Ro et al., 2007; Chiang
et al., 2010), which highlights the major role of Drosha and Dicer in miRNAs biogenesis.
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The small RNA duplex generated from Dicer/TRBP cleavage is then loaded from
Dicer to Argonaute (Ago) via the RISC-loading complex (consisting of TRBP, Dicer and
Argonaute) (Chendrimada et al., 2005). Although Dicer has now been shown to not be
essential for the loading of the miRNA duplex onto Ago (Betancur and Tomari, 2012; Su-
zuki et al., 2015), in vitro and in vivo studies have confirmed the existence of Dicer-Ago-
TRBP complexes (Wang et al., 2009a; Gregory et al., 2005; MacRae et al., 2008). Thus,
the role of all the components of the RISC-loading complex is still not fully understood.
In human, it is believed that the four different Argonaute proteins (Agol1-4) indifferently
associate with miRNAs subsets (Meister et al., 2004; Azuma-Mukai et al., 2008; Su et al.,
2009; Yoda et al., 2010; Dueck et al., 2012) and asymmetric miRNA/miRNA* duplexes
with central mismatches or wobble pairs at positions 8-11 are privileged (Yoda et al.,
2010; Betancur et al., 2012). The selection of the guide strand loaded onto and processed
by the RISC complex is mostly dependent on the thermodynamic stability of the 5* end of
the two strands. The most stable will usually be the passenger strand and cleaved, while
the least stable will become the guide strand (future mature miRNA) (Schwarz et al.,
2003; Khvorova et al., 2003). The loading of the miRNA duplex into the RISC complex
is an active process requiring ATP (Nykinen et al., 2001; Pham et al., 2004; Yoda et al.,
2010). It has been suggested that the need for the Argonaute proteins to change conform-
ation in order to accommodate the duplex was the reason for this use of energy (Wang
et al., 2008b, Elkayam et al., 2012, Schirle and MacRae, 2012). The Hsc70/Hsp90 (heat
shock cognate 70/heat shock protein 90) chaperone machinery uses ATP and mediates
this dynamic conformational change (Iwasaki et al., 2010; Iki et al., 2010).

Following its loading into Ago, the mRNA/miRNA duplex is unwound in either a
splicing-dependent or splicing-independent process. In mammals, only AGO2 has slicing
capacities (Rand et al., 2005; Leuschner et al., 2006; Diederichs and Haber, 2007), which
suggests that the splicing-independent pathway, slower and relying a lot on mismatches in
the duplex (Yoda et al., 2010; Gu et al., 2011), is more common. The splicing-dependent
cleavage of the accessory strand mediated by AGO?2, or the slower splicing-independent
process mediated by the three other Ago proteins do not require energy or the chaperone

machinery (Iwasaki et al., 2010; Yoda et al., 2010).
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Many modifications can affect the Ago proteins. MAPKAPK?2 (MAPK-activated pro-
tein kinase 2) and AKT3 have been shown to phosphorylate AGO2 at Ser387 (Zeng et al.,
2008; Horman et al., 2013) while the EGFR (epidermal growth factor receptor)-mediated
phosphorylation of this protein occurs at Tyr393 under hypoxia conditions (Shen et al.,
2013). Recently, Golden et al. and Quévillon Huberdeau et al. identified clusters of
highly conserved sites undertaking hyper-phosphorylation (such as S824-S834) and thus
affecting Ago2 activity (Quévillon Huberdeau et al., 2017; Golden et al., 2017). Fur-
thermore, 4PH (type I collagen prolyl 4-hydrogenase) was reported to mediate prolyl-4
hydroxylation of AGO2, leading to its stabilisation and increase of its localisation with
processing bodies (Qi et al., 2008). Cellular stress has also been linked to AGO?2 inhibi-
tion by poly(ADP-ribosyl)ation in order to reduce the generation of miRNA that repress
genes expression (Leung et al., 2011), and autophagy or degradation mediated by pro-
teasome were also suggested to regulate the Argonaute proteins expression levels and
activity (Chen et al., 2012; Smibert et al., 2013).

Finally, Argonaute loaded with the guide strand associates with GW182 to form the
mature RISC complex (RNA-Induced Silencing Complex), where the miRNA can enact
its regulatory role on the target mRNA after binding to its complementary seed sequence
classically located on the 3’UTR (Khvorova et al., 2003), either by leading to the mRNA
degradation (Guo et al., 2010) or by repressing its translation (Chekulaeva and Filipowicz,

2009).

Mechanisms of miRNAs-mediated silencing of mRNA The degradation of miRNA
targets has been reported to represent 66 to 90 % of all miRNAs-mediated silencing by
several studies on mammalian cells (Hendrickson et al., 2009; Guo et al., 2010; Eichhorn
et al., 2014). Multiple studies have described the mechanisms of miRNA targets de-
gradation as involving multiple enzymes from the cellular 5°—3" mRNA decay pathway,
such as GW182 and PABPC (poly(A)-binding protein) (Rehwinkel et al., 2005; Chen
et al., 2009), the CCR4-NOT deadenylase complex (Behm-Ansmant et al., 2006), the
DCP1:DCP2 (decapping protein) and EDC3/4 (enhancer of decapping) (Behm-Ansmant
et al., 2006; Eulalio et al., 2007), the Argonaute proteins (Chen et al., 2009), the poly(A)-

binding protein and CAF1 deadenylase (Fabian et al., 2009), the exonuclease complex
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PAN2:PAN3 (Fabian et al., 2012; Christie et al., 2013) and the RNA helicase DDX6
(DEAD box protein) (Chen et al., 2014; Mathys et al., 2014).

Figure 1.12 (A1/A2) presents the degradation of mRNA mediated by miRNAs. The first
step of the pathway involves binding of GW182 to the Argonaute protein recruited by
the miRNA (miRISC complex) by its AGO-binding domain (ABD) and the subsequent
interaction of the PAM?2 (PABP-interacting motif 2) section of its silencing domain (SD)
to PABPC (Fabian et al., 2012). The deadenylation of the mRNA targets will then be
catalysed by the PAN2:PAN3 complex followed by the action of CCR4-NOT which will
have the effect of shortening and removing the 3’ poly(A) tail of these targets (Fabian
et al., 2012; Christie et al., 2013; Wahle and Winkler, 2013). DCP2 will then decap the
deadenylated mRNAs, associated with other cofactors required for its activity (Behm-
Ansmant et al., 2006), such as DCP1, DDX6 and EDC3/4 (Jonas and Izaurralde, 2013).
XRNI1 (5°-3° exoribonuclease 1) will finally degrade these deadenylated and decapped
mRNAs. The integrity of this mRNA degradation process is ensured by direct inter-
actions between the enzymes mediating the different steps. For example, CCR4-NOT
(deadenylation) will interact directly with DDX6 (decapping) which itself binds to other
members of the decapping complex (Mathys et al., 2014; Chen et al., 2014). Similarly,
EDC4 (decapping factor) directly interacts with XRN1 which will start the 5’-3” decay
from the 5’UTR and thus ensure that no deadenylated/uncapped mRNA accumulates in
the cells (Chang et al., 2014; Jonas and Izaurralde, 2015).
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Figure 1.12: Summary of the miRNAs-mediated gene silencing. (A1) Argonaute transports the
miRNA to its seed sequence on the mRNA 3’UTR and associates with GW182 via its Argonaute-
binding domain (ABD) to form the RISC complex. GW 182 then recruits poly(A) binding proteins
(PABC) and interacts with the CCR4-NOT complex as well as poly(A) nucleases (PAN2/3) via its
silencing domain (SD). These steps lead to the deadenylation and shortening of the mRNA.

(A2) The CCR4-NOT complex will also interact with DDX6 (DEAD-box protein) which will itself
bind to decapping factors DCP1/2 and EDC3/4. The latter will finally interact with XRN1 which
will target the decapped 5’UTR and mediate its decay. (B) miRNA-mediated mRNA silencing is
thought to be mediated via inhibition of the assembly of the elF4 complex by CCR4-NOT.

The inhibition of mRNA translation mediated by the miRNAs (6 to 26 % of the
miRNA-mediated repression, Eichhorn et al., 2014), also presented in Figure 1.12 (B),
can be mediated by miRISC even without mRNA degradation (Humphreys et al., 2005;
Iwasaki et al., 2009), and reversely mRNA degradation is able to take place even when
translation is totally abolished because of its lack of cap structure or of open-reading frame
preventing its reading by ribosomes (Eulalio et al., 2007; Meijer et al., 2013). However it
has also been suggested that translation inhibition had to happen first before subsequent
mRNA degradation could be triggered, suggesting the existence of intertwining depend-
ent and independent mechanisms (Meijer et al., 2013; Barman and Bhattacharyya, 2015).
miRNA-mediated inhibition of mRNA translation is still not completely explained, but

the current consensus is that the former inhibits the capping-dependent translation of the
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latter (Pillai et al., 2005; Mathonnet et al., 2007). The miRISC complex interferes with
the action of the elF4A helicases (enzymes that allow the pre-initiation complex to scan
the 5’UTR towards the start codon and initiate translation, Jackson et al., 2010).

The way this repression mechanism by miRISC occurs is still controversial: Meijer et al.
suggested that miRISC specifically recruits IF4A2 via interactions with the CCR4-NOT
complex (Meijer et al., 2013). Another study suggested that both eI[F4A1 and elF4A2
were important targets for the translation inhibition mediated by miRISC (Fukao et al.,
2014). However other studies cast doubt on the indispensability of the eIF4A enzymes by
reporting that NOT1 directly binds to another helicase (DDX6) but not el[F4A2 (Rouya
et al., 2014) or that the absence of elF4A2 did not affect mRNA translation (Galicia-
Vazquez et al., 2015). Similarly, although the GW182/CCR4-NOT complex is central to
most of the miRNA-mediated inhibition of translation mechanisms previously suggested
(Cooke et al., 2010), Agol has now also been suggested to inhibit mRNA translation in-
dependently of this complex (Barman and Bhattacharyya, 2015). All these studies and
contradictory reports highlight that much remains to be understood about the repression

of translation mediated by miRNAs.

Criteria for the binding of miRNAs to their mRNA targets and seed sequences

predictions The presence of miRNAs seed sequences on their target mRNA depends
on multiple factors. Although Watson-Crick complementarity is the first criteria (Grim-
son et al., 2007), numerous other elements have been characterised and need to be taken
into consideration. Among them, the binding of miRNAs at their position 2-8 (Brennecke
et al., 2005) and the proportion of G-C bases in the sequence (Wang, 2014) have been
shown to be important to the formation of the miRNA/mRNA duplex, while the impact
of the length of the seed sequence is still being debated (Ellwanger et al., 2011; Mullany
etal., 2016). The thermodynamics and the free energy of the miRNA/mRNA duplex were
also reported to play a role in its stability (Mathews et al., 1999; Hibio et al., 2012), and
the evolutionary conservation of the target site suggests an importance of the region for
miRNA binding (Friedman et al., 2009). Finally, structural considerations such as the ac-
cessibility of the target site or the presence of multiple binding sites may also be relevant

criteria to be considered (Kertesz et al., 2007; Hon and Zhang, 2007).
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Multiple bioinformatics tools have been developed to predict miRNAs seed sequences
on mRNAs, each of them using an algorithm based on different criteria among the ones
cited above. For example, the web interface microrna.org uses the miRanda algorithm
based on free energy of the duplex and sequence complementarity (Betel et al., 2010).
The miRDB database bases its predictions on support vector machines (SVM) learning
and high-throughput datasets (Wang, 2016) and TargetScan, one of the most used and
most robust tools currently available (Riffo-Campos et al., 2016), mainly considers con-
served sites, expected number of seed sequences in the 3°’UTR, perfect base pairing and
predicted free energy of the duplex in order to predict miRNAs seed sequences (Agar-
wal et al., 2015). Other tools such as DIANA-microT or Rna22 have also been regularly
updated and take many criteria into consideration for their predictions (Loher and Rigout-
sos, 2012; Vlachos et al., 2014). The MiRTarBase database compiles information from
experimentally validated miRNA/mRNA interactions (Chou et al., 2016). Furthermore,
miRWalk is an online database regrouping the predictions from twelve databases in or-
der to determine the most probable binding sequences for a set miRNA/mRNA duplex
(Dweep and Gretz, 2015). However, from 2017 this multiple databases predictions tool
will not be updated anymore and only available to download until 2019, and miRWalk will
exclusively focus on a smaller subset (miRDB, TargetScan, MirTarBase) with a machine

learning approach based on Ding et al.’s TarPmiR approach (Ding et al., 2016).

Non-classic miRNAs binding and function Although miRNAs typically bind to their
target mRNA on their seed sequence located on the 3’UTR of the gene, which is what
miRNA target prediction algorithms take into consideration, a few examples of other
types of interactions have now been reported. Lee et al. studied the interaction of hsa-
mir-34a with several genes using dual reporter luciferase assays and suggested that it
binds to AXIN2 through both 3’UTR and 5’UTR and to WNT1 through its 5’UTR spe-
cifically (Lee et al., 2009). Another study reported that mir-134, mir-296 and mir-4708
can simultaneously bind to Nanog’s coding sequence and inhibit its translation (Tay et al.,
2008). Furthermore, mir-423-5p mimic was shown to target the progesterone receptor
and /IGSF1 promoter and hence induce transcriptional silencing of these genes (Younger

and Corey, 2011a).
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Finally, another study from the same author described an interaction between mir-
193b mimic and progesterone receptor at a sequence downstream of the gene’s termini
(Younger and Corey, 2011b), suggesting other possible modes of action of the miRNAs.
However, these studies are not recent and very little studies have since confirmed these
observations.

Vasudevan et al. were the first to suggest that miRNAs can have the opposite effect
as what they are known for, meaning they may have a role of activators of translation for
some targets in some specific cell cycle conditions and cell types. Indeed, they showed
that the TNFa UA-rich element (ARE), a sequence located in the 3°’UTR that causes
mRNA deadenylation and subsequent degradation, recruits mir-369-3p and thus medi-
ates the up-regulation of translation. This process changes along with the cell cycle; it
represses translation in proliferating cells while it mediates activation in the G{/Gg (Vas-
udevan et al., 2007). Several other examples of direct miRNAs-mediated up-regulations
have now been reported. Mir-10a directly binds to the 5’UTR of ribosomal proteins and
enhances their synthesis by reducing their translational repression following amino acids
starvation (Orom et al., 2008). Mir-34a/b-5p binds to the longest B-actin transcript’s
3’UTR, present in some tissues in particular, and up-regulates its expression (Ghosh et
al., 2008). Mir-328 has been shown to have two different activities mediating myeloid
cells differentiation and survival: it can decoy the repressive protein hnRNP E2 (RNA
binding protein) but also up-regulate its transcription independently of its seed sequence
(Eiring et al., 2010). Finally, among other examples, mir-744 and mir-1186 were reported
to induce cyclin B1 expression in mouse embryonic fibroblasts cells, leading to enhanced
cell proliferation in cases of short-term expression of the miRNA but to the inhibition of
tumour progression in the long term (Huang et al., 2012).

The complexity of the miRNAs biogenesis and regulation machineries, added to their
multiple roles on mRNA expression make them very interesting elements to study the

mechanisms of multifactorial diseases such as cancer or ADPKD.
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1.3.2 miRNAs in human diseases

miRNAs in non-kidney diseases As described above, miRNAs regulate gene expres-
sion. Many of them have been directly linked to diseases, and the increasing number of
miRNA discoveries suggests that the targeted genes are much more numerous than pre-
viously thought. This could be either an advantage since it would widen the potential
therapeutic targets in a disease, but could also be inconvenient because it becomes dif-
ficult to select the most relevant ones (60 % of all human mRNAs are estimated to be a
miRNA target (Ha, 2011; Di Leva et al., 2014)). The effects of repression or induction
of miRNA expression are various: DNA methylation and repair, cell growth, apoptosis or
cell fate specification (Ha, 2011).

Some miRNAs have been linked to pulmonary diseases and asthma (mir-20 and mir-
210 for example), probably because of their role in lung development and inflammatory
response (Tomankova et al., 2010). Furthermore, mir-29 was shown to be down-regulated
by TGFp (Transforming growth factor) in human foetal lung fibroblast cells, which can
lead to less repression of fibrosis-related genes and therefore the development of pulmon-
ary fibrosis (Cushing et al., 2011).

Chen et al. studied the role of miRNAs in sickle-cell disease. They discovered that
mir-320 down-regulates CD71 during the terminal differentiation of reticulocytes, which
could partly explain the red blood cell phenotype in the patients (Chen et al., 2008a).

In liver diseases, they have been implicated in regulating infection by Hepatitis C
Virus. Indeed, low levels of mir-122, the most expressed hepatic miRNA, have been
linked to a reduced auto-replication of the virus genome (Jopling et al., 2005). Miravirsen,
a mir-122 inhibitor, is currently being tested for the treatment of HCV infection (see
below) (Janssen et al., 2013). Furthermore, the miRNA implication in cell differentiation,
metabolism, or apoptosis could explain the consequences of their deregulation in the liver
(Chen, 2009). Some studies have shown cooperation between miRNAs and the Interferon
(IFN) signalling system to control viral infection (Pedersen et al., 2007). Contrarily, some
viruses also encode miRNAs that interact with host cells. The role of miRNAs in infection

is thus variable.
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Some miRNASs such as mir-15a, mir-15b, mir-16, mir-195 or mir-124a2 have been
linked to the development of diabetes by regulating the expression of several transcription
factors in the pancreas (Joglekar et al., 2007; Baroukh et al., 2007). Furthermore, glucose
concentration was shown to affect the expression levels of many miRNAs in pancreatic
cells, for example mir-27a, mir-130a, mir-192, mir-200a, mir-320, mir-337, mir-369-5p,
mir-379 and mir-532 (Hennessy et al., 2010), mir-296, mir-484 and mir-690 (Tang et al.,
2009), or mir-375 (El Ouaamari et al., 2008). Mir-375 in particular has been largely
studied in the pathogenesis of diabetes. The knock-down of this miRNA in zebrafish
and mice models led to anomalies in pancreatic development and decreased 3 cells mass
(Kloosterman et al., 2007; Poy et al., 2009) along with enhanced insulin secretion (Poy et
al., 2004), whereas its over-expression reduced the insulin secretion induced by glucose in
pancreatic cells (Xia et al., 2011). Generally, miRNAs have been shown to induce diabetes
and microvascular (nephropathy) or macrovascular (atherosclerosis or cardiomyopathy)
complications in various tissues such as liver, heart, brain and kidney (Moura et al., 2014;
Simpson et al., 2016). Diabetic nephropathy was shown to be mediated by miRNAs
such as mir-21, mir-216, mir-93 or the mir-29 family essentially through the aberrant
expression of TGFf regulating these miRNAs and the subsequent podocyte apoptosis,
proteinuria and kidney dysfunction (Lin et al., 2014; Lan, 2012; Zhang et al., 2009; Long
et al., 2010, 2011; Kato et al., 2009), and other miRNAs such as mir-377 or mir-192 have
been shown to have a role in the fibrosis observed in this pathology (Krupa et al., 2010;
Wang et al., 2008a).

Cardiomyopathies were linked to mir-1, mir-206, mir-548 and mir-320, targeting
Hsp60, VEGF or IGF-1, for example (Shan et al., 2010; Gupta et al., 2013; Wang et
al., 2009b), and atherosclerosis was suggested to result from dysregulation of mir-16 and
mir-155 affecting COX-2 (inflammatory gene) and myosin light chain kinase, respectively
(Shanmugam et al., 2008; Weber et al., 2014).

In vascular diseases, mir-143 and mir-145 were shown to be the most abundantly ex-
pressed miRNAs in the smooth muscle cells and that a down-regulation of these miRNAs
affected angiotensin-converting enzyme (ACE) levels which led to the reduction of aorta’s

contractility and development (Dahan et al., 2014).
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Mir-10a was reported to inhibit pro-inflammatory adhesion molecules and lead to en-
dothelial cell dysfunction (Kumar et al., 2014; Fang et al., 2010), while mir-122 and
mir-33 were shown to regulate lipids biogenesis and metabolism in hepatocytes and mac-
rophages (Esau et al., 2006; Wen and Friedman, 2012; Horie et al., 2010). Romaine et
al. published a review of all miRNAs involved in cardiovascular diseases (Romaine et al.,
2015). For example, patients with heart failure show affected expression levels of a few
miRNAs such as mir-122, mir-210, mir-499 and mir-622 in several studies, suggesting the
dysregulation of major processes affecting cardiac function (Corsten et al., 2010; Endo
et al., 2013; Vogel et al., 2013; Olivieri et al., 2013).

In cancer, miRNA regulation is similarly complex as in viral infections, with some
functioning as oncogenes and others as tumour suppressors (Di Leva et al., 2014). They
have been linked to numerous cancers such as colon (mir-15/16), ovarian (mir-34), pro-
state (mir-17~92) or breast (mir-200 family) cancer (Di Leva et al., 2014). The proteins
from the miRNAs biogenesis machinery are often targeted: many studies have reported
the down-regulation of Dicer and Drosha in several cancer types including lung cancer
(Karube et al., 2005), breast cancer (Dedes et al., 2011), endometrial cancer (Torres et al.,
2011), leukaemia (Allegra et al., 2014), colorectal cancer (Iliou et al., 2014), nasopharyn-
geal carcinoma (Guo et al., 2012) and ovarian cancer (Merritt et al., 2008) by very diverse
mechanisms such as the loss of TAp63, a pS3 family member normally inducing Dicer’s
transcription (Su et al., 2010), the dysregulation of epigenetic modifications of Dicer, for
example methylation, under hypoxic conditions leading to the silencing of its promoter
(Van Den Beucken et al., 2014), or the enrichment of miRNAs directly targeting Dicer
such as let-7 (Tokumaru et al., 2008), mir-103/107 (Martello et al., 2010) or mir-630
(Rupaimoole et al., 2016). Mutations of Exportin 5 have also been reported to lead to
pre-miRNAs accumulation in the nucleus of cancerous colorectal, gastric or endometrial
cells (Melo et al., 2010). The dysregulation of Argonaute proteins can also be a cause for
cancers; an increased expression of this protein was detected in gastric carcinoma (Zhang
et al., 2013) and its phosphorylation by EGFR leading to its inhibition was linked to a

poorer diagnosis in breast cancer patients (Shen et al., 2013).

44



Laura Vergoz Chapter 1. Introduction

Additionally to the direct dysregulation of the miRNAs machinery, mutations in
miRNAs loci or genes of proteins affecting miRNAs can also lead to the development
of cancer. Indeed, Zhang et al. used high-resolution array-based comparative genomics
analysis in 227 human breast and ovarian cancers and melanoma and showed that a large
proportion (72.8 %, 37.1 % and 85.9 %, respectively) of the miRNAs genes loci showed
an alteration of copy numbers, 41 genes being common between the three cancer types
(Zhang et al., 2006). This suggests that the altered expression of miRNAs found in can-
cer could partly be due to the deletion or amplification of genomic regions containing
their coding sequence along with the deregulation of the miRNAs biogenesis enzymes.
Another suggested cause for miRNAs dysregulation in cancer is the phosphorylation of
KSRP (KH-type splicing regulatory protein) by the ATM kinase in response to DNA dam-
age that leads to its binding to pri-miRNAs and their enhanced processing (Zhang et al.,
2011b).

Epigenetic modulation is another way by which miRNAs expression may be affected in
cancer. For example, AML1/ATO-mediated CpG methylation of mir-223 repressed its
expression in haematopoietic stem cells, leading to leukaemia (Fazi et al., 2007). Fur-
thermore, in pancreatic, brain and breast cancers, DNA hypermethylation is linked to the
down-regulation of mir-124a, mir-145-5p and mir-125, respectively (Wang et al., 2014b;
Chen and Xu, 2015; Donzelli et al., 2015).

Generally, a few miRNAs families have been shown by multiple studies to be major
drivers for cancer development (tumour-suppressive miRNAs). The let-7 family, for
example, includes 10 isoforms that target mRNAs encoding oncogenes such as KRAS
(Roush and Slack, 2008). Let-7 knock down in cancer cells induces the dysregulation of
signalling networks involving the RAS proteins resulting in tumour progression (John-
son et al., 2005; Yu et al., 2007). The mir-34 family has also been the focus of many
cancer studies, as its three members mir-34a, 34b and 34c were found down-regulated in
multiple cancers such as breast and lung cancer. Their transcription is regulated by the
tumour suppressor pS3, whose expression is altered in cancer cells (Tarasov et al., 2007;
Chang et al., 2007; Raver-Shapira et al., 2007; Okada et al., 2014). Mir-34a regulates

the expression of genes coding for proteins involved in the cell cycle such as CDK4 and
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CDKG6 (cyclin dependent kinases) (Guo et al., 2015; Sun et al., 2008), proteins linked to
metastasis development such as MYC, AXL, Notch and MET (Bu et al., 2013; Yamamura
etal., 2012; Maroni et al., 2017; Cho et al., 2016), and proteins preventing apoptosis such
as BCL-2 and SIRT-1 (Li et al., 2013a). Another important miRNAs subset is the mir-200
family that regulates the expression of genes playing a role in the epithelial-mesenchymal
transition (EMT). When cancer cells change from an epithelial to a mesenchymal pheno-
type they become more stable and invasive and the cancer progresses, therefore the reg-
ulation of EMT-related proteins is essential to the integrity of the tissue (Voulgari and
Pintzas, 2009; Craene and Berx, 2013). As an example, mir-200 and ZEB1 (zinc-finger
E-box-binding homeobox 1), a transcriptional repressor of CDH1 (E-cadherin, involved
in cytoskeletal rearrangements), reciprocally regulate each other through a negative feed-
back loop (Korpal et al., 2008; Park et al., 2008; Gregory et al., 2008). Indeed, mir-200
down-regulates ZEB1, which in return binds to this miRNA’s promoter and reduces its
expression, thereby leading to EMT in cancer cells (Burk et al., 2008). Other families of
miRNAs recurrently involved in cancer development as tumour suppressors are mir-15/16
and mir-520 (Ageilan et al., 2010; Keklikoglou et al., 2012; Peng et al., 2016), whereas
mir-10b, mir-17~92, mir-21, mir-210, mir-221 and mir-155 have been reported to be on-
cogenes (Si et al., 2007; Ouyang et al., 2014; Mattiske et al., 2012; Sun et al., 2014b; Ren
et al., 2017; Fuziwara and Kimura, 2015). Other examples are regularly being described,
suggesting much is still left to discover about the mechanisms mediating miRNAs roles

in cancer development and progression.

miRNAs in kidney diseases and ADPKD Several miRNAs have been involved in the
development of kidney diseases. Defects of the miRNAs machinery enzymes themselves
can impact the integrity of the organs. For example, knock-outs of Drosha in podocytes
in mice result in a collapsing glomerulopathy (Zhdanova et al., 2011) and the silencing
of DGCRS in mice embryos lead to defects in kidney development, the development of
kidney cysts and renal failure and eventually premature death of the animals (Bartram et
al., 2015). Furthermore, the conditional deletion of Dicer results in apoptosis of nephron

progenitor cells (Nagalakshmi et al., 2011; Ho et al., 2011).
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Some miRNAs have been found differentially expressed between kidney regions: mir-
192 and mir-194 are enriched in the cortex compared to the medulla of rats kidneys
whereas mir-27b shows the opposite expression profile in the same model (Tian et al.,
2008), and some others were found more expressed in the kidney compared to other or-
gans: mir-215, mir-146a and mir-886 were exclusively enriched in the kidney while let-
7a—g, mir-21, mir-192, mir-194, mir-200a and mir-204 were over-expressed in the kidney
along with other organs (Landgraf et al., 2007; Sun et al., 2004; Baskerville and Bartel,
2005). However, these expression patterns differ depending on the developmental stage
and age of the organ, adding complexity to the understanding of miRNAs dysregulation
in renal diseases (Tang et al., 2011).

MiRNAs have been shown to regulate the kidney’s water reabsorption as well as its
homeostasis by acting on proteins involved in these mechanisms such as aquaporins and
the renin-angiotensin-aldosterone system (Sepramaniam et al., 2010; Butterworth, 2015).

Kidney fibrosis mediated by TGFf1 has been linked to the dysregulation of several
miRNAs. Aberrant synthesis of TGFf by infiltrating inflammatory cells participates in
renal fibrosis as well as other pathological events such as tubules loss due to the accumu-
lation of myofibroblasts, mesangial cells hypertrophy, induction of EMT and podocytes
apoptosis (Boor and Floege, 2011; Zeisberg et al., 2003; Lopez-Herndndez and Lopez-
Novoa, 2012; Jiang et al., 2014). TGFf has been shown to affect the expression levels
of multiple miRNAs, and reversely some miRNAs can target TGFf3, suggesting the ex-
istence of a feedback loop between the two elements (Butz et al., 2012). This cytokine
acts on the processing of some miRNAs, for example mir-21 and mir-29, through the in-
tervention of the SMAD proteins and their cofactor p68 which bind to the terminal loop
of pri-miRNAs to facilitate their recruitment by the microprocessor complex (see above).
Interestingly, Smad3 has opposite effects on these two miRNAs: it promotes renal fibrosis
by up-regulating mir-21 but inhibiting the expression of mir-29 (Zhong et al., 2011; Qin
et al., 2011). Mir-21 has been linked to fibrosis in various other organs such as the heart
or the lungs (Thum et al., 2008; Liu et al., 2010), and CKD patients showed high in-
creases of mir-21 expression levels (Zawada et al., 2014; Szeto et al., 2012). This miRNA

was shown to target PPAR« (regulator of lipids metabolism) and Mpv171 (mitochondrial
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protein involved in the metabolism of reactive oxygen species), hence leading to kidney
fibrosis (Chau et al., 2012).

Furthermore, mir-192 has also been linked to the induction of TGFf-mediated renal
fibrosis as it was differentially expressed by this cytokine in different in vitro models
(Wang et al., 2010a; Putta et al., 2012). However, in vivo models showed contradictory
results as it was up-regulated in fibrotic kidneys of rodents after renal ablation but down-
regulated in diabetic nephropathy models at late stages (Chung et al., 2010; Krupa et al.,
2010; Kato et al., 2007; Wang et al., 2010a). Mir-192 was shown to target E-cadherin
transcriptional repressors Zebl and Zeb2, hence its down-regulation by TGFS results
in decreased levels of E-cadherin and therefore phenotypical changes of epithelial cells
(Krupa et al., 2010; Chau et al., 2012; Wang et al., 2010a).

Denby et al. studied the role of mir-214 in renal fibrosis. Their results showed that this
miRNA promotes renal fibrosis by regulating the transcriptional response to injury. The
authors suggested that inhibiting mir-214 could be a new antifibrotic treatment (Denby
et al., 2014).

Renal cell carcinoma (RCC) and other renal cancer subtypes have been reported to be
mediated by several miRNAs. Notably, the Cancer Genome Atlas Network performed a
comprehensive analysis and suggested that some miRNAs such as mir-17-5p, mir-21, mir-
34a, mir-200c and mir-215 correlated with RCC patients’ survival (The Cancer Genome
Atlas Network, 2013). These observations still need to be validated in in vivo models.
Furthermore, mir-562 was reported to target EYAI and its reduced expression to be re-
sponsible for the development of the childhood renal cancer called Wilm’s tumour (Drake
etal., 2009), while mir-483-3p was found highly over-expressed in the same disease (Ver-
onese et al., 2010). Finally, Saini et al. characterised mir-708 as a tumour suppressor in
RCC and suggested it targets to be Zeb2 and BMI1, two regulators of E-cadherin (Saini
etal., 2011).

Micro-RNAs have also been shown to play a role in immune diseases and infec-
tion of the kidney, notably through their regulation by IGFf. For example, IgA neph-
ropathy (IgAN) is known to be linked to C1GALT1-mediated glycosylation of IgA1, and
C1GALTI1 was suggested to be a target for mir-148b (Serino et al., 2012).
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A down-regulation of mir-223, a miRNA known to cause glomerular endothelial prolif-
eration characteristic of the disease, was also shown in glomerular and circulating en-
dothelial cells of IgAN patients (Bao et al., 2013). Furthermore, biopsies from IgAN
patients showed a correlation between aberrant levels of miRNAs linked to the immune
response (mir-146a and mir-155) and to fibrosis (mir-192) and severity of the disease
(Wang et al., 2010c, 2011a). Other miRNAs suggested to have a role in IgAN are mir-17,
mir-29 and mir-93 (Trionfini et al., 2014).

Kidney biopsy samples of lupus nephritis patients, a renal autoimmune disorder, showed
that 30 miRNAs were repressed in the disease (e.g. mir-296, mir-346, mir-615) whereas
36 were increased (e.g. mir-200c, mir-600, mir-30a-5p) (Dai et al., 2009), while mir-150
was also linked to the renal fibrosis observed in this disorder (Zhou et al., 2013).
Furthermore, some miRNAs were suggested to be predictive of graft rejection in kidney
transplant patients. Indeed, miRNAs expressed by resident renal cells let-7c, mir-30a-3p
and mir-10b were down-regulated in renal allograft biopsies, while mir-155, mir-142-
Sp and mir-223, surmised to originate from graft-infiltrating immune cells, were over-
expressed in these tissues. These results were confirmed by measuring the miRNA levels
in HREC (human renal epithelial cells) and PBMC (peripheral blood mononuclear cells)
cells (Sui et al., 2008; Anglicheau et al., 2009).

Few miRNAs have been studied for the pathogenesis of polycystic kidney diseases.
The best characterised subset in this disorder is the mir-17~92 cluster that was reported to
have an influence on ADPKD phenotype in different studies. The mir-17 family consists
of 15 miRNAs grouped into three different clusters. The mir-17~92 cluster is composed
of mir-17, mir-18a, mir-19a, mir-20a, mir-19b-1 and mir-92-1 and located on chromo-
some 17 (Li, 2015). It is essential to the development of various organs and its deletion
results in mice leads to kidney developmental defects among others (Ventura et al., 2008;
Mendell, 2008). As mentioned above, its transcription can be increased by the binding
of the C-MYC oncogenic transcription factor which links it to multiple cancers including

kidney (The Cancer Genome Atlas Network, 2013; Lichner et al., 2015).
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This family is over-expressed in the kidney of various PKD murine models in which

it leads to the formation of cysts (Patel et al., 2013; Hajarnis et al., 2017), and its mem-
bers were shown to directly target PKD1 and PKD2 for mir-17 (Tran et al., 2010; Patel et
al., 2013; Sun et al., 2010), or PKHD1 (fibrocystin, involved in the development of Auto-
somal Recessive Polycystic Kidney Disease ARPKD) for mir-92 (Hiesberger et al., 2004).
Conversely, mice knocked-down for this cluster showed a reduced cysts epithelial cells
proliferation, an improved renal function and an overall better survival (Patel et al., 2013;
Hajarnis et al., 2017). The mechanisms explaining the role of mir-17~92 in the patho-
genesis of ADPKD are only starting to be understood. Apart from their direct targeting
of the polycystins genes PKD1 and PKD?2, they have been shown to target mTOR and
TGFp (Patel et al., 2013), two factors involved in cysts growth (O Donnell et al., 2005;
Mendell, 2008; Conkrite et al., 2011). Furthermore, a recent study suggested that this
family of miRNAs modulates mitochondrial metabolism in Pkdl knock-out mice models
by inhibiting Pparcx. Indeed, deletion of mir-17~92 induced the activation of gene net-
works controlled by this factor and its relative expression was inversely correlated to the
expression levels of this cluster (Hajarnis et al., 2017).
Patel et al. studied the role of miRNAs on renal tubule maturation. They showed that the
ablation of Dicer was linked to a down-regulation of mir-200. After the inhibition of this
miRNA in epithelial cells, tubulogenesis was abnormal and interestingly, PKD1 was over-
expressed. Further bioinformatics analyses identified a putative binding site in the PKD1
gene and the authors concluded that mir-200 could play an important role in ADPKD by
regulating the dosage of PKDI (Patel et al., 2012). Furthermore, mir-200 is known to
be a target for HNF1, another gene involved in cystic kidney disease. Tubules-specific
knock-down of HnfIf in mice results in cysts formation and reduced levels of the mir-
200 family (Hajarnis et al., 2015). The mechanisms of action of mir-200 may be linked
to the induction of EMT, as this miRNA targets ZEB1 and ZEB2 and TGFf, suggesting
that in normal conditions mir-200 regulates the expression of genes involved in PKD and
therefore maintains tubules homeostasis (Burk et al., 2008; Adam et al., 2009; Brabletz
and Brabletz, 2010; Gregory et al., 2011; Xiong et al., 2012; Brabletz et al., 2011).

50



Laura Vergoz Chapter 1. Introduction

Furthermore, Lakhia et al. recently reported a higher mir-21 expression in cysts from
ADPKD patients and in PKD mice models, and that cAMP signalling promotes mir-21
expression in mice cystic kidneys. Furthermore, deletion of this miRNA reduced disease
progression in an orthologous mouse model and the authors hypothesised that it targets
Pdcd4, a gene previously reported to be proapoptotic, and therefore mediates cysts growth
(Lakhia et al., 2016). This hypothesis will need to be validated with further experiments.
Deletion of Biccl (Bicaudal C1), a post-transcriptional regulatory protein, in mice has
also been shown to induce the formation of renal fluid-filled cysts and to modulates the
expression of Pkd2. Furthermore, Biccl was reported to inhibit the repression of Pkd2
by mir-17 and therefore lead to increased levels of polycystin 2 in the kidney (Tran et al.,
2010; Piazzon et al., 2012). Biccl was also suggested to recruit mir-125 and mir-27a to
mediate the silencing of AC6 (adenylate cyclase 6) and PKla (protein kinase inhibitor),
two enzymes essential to the conversion of cAMP and its function (Piazzon et al., 2012).
cAMP accumulation being known to result in cysts formation, the relevance of Biccl and
the miRNAs it targets may be of importance to understand the pathogenesis of ADPKD.
Finally, microarray and systems biology approaches (network analyses) have been used
to identify dysregulated miRNAs in ADPKD and try to identify some relevant candid-
ates involved in the pathogenesis of the disease. Pandey et al. carried out microarrays in
ADPKD kidney tissues and identified other miRNAs dysregulated in the disease, such as
mir-196a and mir-31 (Pandey et al., 2008). Lee et al. also used microarrays to analyse
the miRNA profiles of PKD-rat cholangiocytes and liver samples from ADPKD patients
(Lee et al., 2008). The results showed a reduced expression of mir-15a in the livers of
the patients and an up-regulation of its target Cdc25A (Lee et al., 2008). Dweep et al.
performed a parallel mRNA/miRNA microarray on PKD rats kidneys and showed the
dysregulation of mir-31, mir-34a, mir-132, mir-146b, mir-199a-5p and mir-214 (Dweep
et al., 2013). These bioinformatics studies however require further validation in in vitro
and in vivo models in order to confirm the role of these miRNAs. Network analyses con-
sist in associating bioinformatics pre-studies, miIRNA/mRNA microarrays, qPCR and/or
immunohistochemistry to determine a link between miRNA levels, gene expression and

phenotypic characteristics.
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For example, Song et al. used gene set enrichment analyses to identify over-
represented pathways in cysts compared to minimally cystic tissue of ADPKD patients
at different stages, and found that genes exclusive to kidney epithelial cells were down-
regulated in ADPKD and that major pathways such as Wnt/f3-catenin, pleiotropic growth
factors (EGFR) and G-coupled proteins receptors (PTGER?2) were increased in the disease
(Song et al., 2009). Several other studies have used this “systems biology” approach in
different ADPKD models and their results revealed numerous new potential miRNAs or
gene targets involved in ADPKD. These targets are genes implicated in various signalling
pathways or cellular processes, such as Wnt, JAK/STAT, cell proliferation and differenti-
ation, growth factor signalling and others (Menezes et al., 2012; Chen et al., 2008b; Lee
et al., 2004a; Schieren et al., 2006; Dweep et al., 2013; Pandey et al., 2011; Husson et al.,
2004).
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Table 1.3: Examples of miRNAs suggested to be involved in human kidney diseases

Up-or down

Disorder miRNA Reference(s)
regulation
mir-17/21/34a/200c/215 | U/U/D/D/D | The Cancer Genome Atlas Network (2013)
mir-483 U Veronese et al. (2010)
Renal cell carcinoma
mir-562 D Drake et al. (2009)
mir-708 D Saini et al. (2011)
. mir-30 / mir-36 D/U Dai et al. (2009)
Lupus nephritis
mir-150 U Zhou et al. (2013)
mir-146a/ 155 Uu/Uu Wang et al. (2011a)
IgA nephropathy mir-200c / 141 /205 / 192 D/U/U/U Wang et al. (2010c)
mir-200a / 200b / 429 D/D/D Wang et al. (2010b)
mir-21 U Zhong et al. (2013), Zhang et al. (2009)
mir-29a D Lin et al. (2014)
mir-29¢ U Long et al. (2011)
. . mir-93 D Long et al. (2010)
Diabetic nephropathy
Krupa et al. (2010), Wang et al. (2010a)
mir-192 D/U / Kato et al. (2007), Chung et al. (2010),
Deshpande et al. (2013)
mir-216 U Kato et al. (2009)
. Glowacki et al. (2013), Zhong et al. (2011)
mir-21 U
Chau et al. (2012)
mir-29 D Qin et al. (2011)
Krupa et al. (2010), Wang et al. (2010a
Kidney fibrosis ) P ( ) g ¢ )
mir-192 D/U / Chung et al. (2010), Putta et al. (2012),
Deshpande et al. (2013)
mir-200a / 200b D Wang et al. (2011b)
mir-433 U Li et al. (2013b)
mir-21 U Lakhia et al. (2016)
ADPKD mir-17~92 U Patel et al. (2013), Hajarnis et al. (2017)
mir-200 U Patel et al. (2012), Hajarnis et al. (2015)

miRNAs as disease biomarkers and therapeutic treatments Because miRNAs have
been reported to intervene in many different pathologies and are detectable and stable
in body fluids, they have been studied as biomarkers in order to improve non-invasive
diagnosis techniques, get a more accurate prognosis and allow early treatments of the
diseases. Next-generation sequencing (NGS) techniques have allowed to generated new

miRNAs signatures from patients urine, blood or other fluids.
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For example, Wang et al. analysed the miRNAs expression levels in pancreatic juice
samples between pancreatic ductal carcinoma patients, chronic pancreatitis patients and
healthy volunteers and identified some differentially expressed ones that could be poten-
tial markers of the disease (Wang et al., 2014a). Similarly, Roth et al. found that mir-10b,
mir-141 and mir-155 were significantly enriched in lung cancer patients’ serum compared
to healthy controls and that their expression levels were correlated to other markers of the
disease such as urokinase plasminogen activator levels or lymph node metastasis, sug-
gesting they could be relevant biomarkers of the disease (Roth et al., 2011). Khalid et
al. reported that the expression of mir-21, shown to be increased following kidney injury
and fibrosis (Glowacki et al., 2013), in hypothermic machine perfusate, correlated with
eGFR values 6 and 12 months after kidney transplantation (Khalid et al., 2016). As hypo-
thermic machine perfusion is an efficient preservation method for kidneys intended to be
transplanted, mir-21 could be a biomarker of organ quality in the context of pre-transplant
organ assessment (Khalid et al., 2016; Ferraresso and Favi, 2016). Finally, Ben-Dov et al.
measured miRNAs expression in sedimented urine and in cell-free ultrafiltration-retained
urine (containing exosomes) samples from ADPKD patients and found that mir-1, mir-
133, mir-223 and mir-199 were dysregulated in the disease, which was the first step to
determine new miRNAs biomarkers for this pathology. More experiments are needed to
confirm the potential of these miRNAs to be prognosis biomarkers (Ben-Dov et al., 2014).
Exosomes are extracellular vesicles, generated by the endosomal pathway by the exocyt-
osis of multivesicular bodies. They are 50-100 nm in diameter and their density ranges
from 1.13 to 1.19 g/mL (Buzas et al., 2014; Livshts et al., 2015), and they contain spe-
cific elements such as heat shock proteins, major histocompatibility complex molecules,
tetraspannins, cystoskeleton elements such as actin and tubulin, as well as mRNA and
miRNAs (Akers et al., 2013; Avci and Balci-Peynircioglu, 2016). They originate from
multiple cell types such as epithelial cells (Li and Wang, 2017), neuronal cells (Chivet
et al., 2012), reticulocytes (Johnstone et al., 1987), B and T cells (Raposo et al., 1996),
macrophages and fibroblasts (Hu et al., 2015), and are present in body fluids such as saliva
(Ogawa et al., 2011), blood (Caby et al., 2005), semen (Kelly et al., 1991), amniotic fluid
(Keller et al., 2007), cell lines medium (El Andaloussi et al., 2013) and urine (Pisitkun
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et al., 2004). The fusion of the plasma membrane of a podocyte or the apical membrane
of an epithelial cell with the outer membrane of the multivesicular bodies leads to the
release of vesicles (e.g. exosomes) from these elements to the urinary space (Gonzales et
al., 2010). They are classically isolated from urine by ultra-centrifugation and/or sucrose
density gradient and the elements they carry, for example miRNAs and mRNAs, are par-
allel to what is found in kidney cells and can give information on dysregulated genes and
processes in the organ (Gonzales et al., 2010). Optimising exosomes-isolation techniques
and quantification or blotting of mRNA and miRNAs extracted from these structures is
then an important field of research for the development of miRNAs as disease biomarkers
in order to make these techniques less expensive and time-consuming and allow their use
in routine clinical practice.

MiRNAs-based therapies are currently being investigated in multiple diseases and
several techniques are being developed. These therapies are typically divided between
anti-miRs (miRNA inhibitors) and miRNA mimics. They are usually associated with
delivery systems designed in order to enhance their stability and the efficacy of their
delivery to the targets (Rupaimoole and Slack, 2017). Some of these delivery enhancers
are N-acetyl-D-galactosamine conjugation (GalNAc) that mediates the endocytosis of
the miRNAs by clathrin (Nair et al., 2014), neutral lipids emulsions (NLE) (Trang et al.,
2011), poly-L-lactic acid (PLLA) (Yu et al., 2015), TargomiRs (developed by EnGenelC)
that derive from bacteria and are conjugated with antibodies to specifically target disease
sites (Taylor et al., 2015), and chitosan (Ragelle et al., 2013).

The LNA™ (locked nucleic acid, a class of nucleic acid analogues locked into the
optimal N-conformation for binding to its complementary mRNA with a higher affinity,
see Exiqon website; http://www.exiqgon.com/Ina-technology) miravirsen, developed by
Hoffmann LaRoche and Santaris Pharma A/S, was the first miRNA-based therapy to
enter a phase II clinical study (Janssen et al., 2013). This antisense RNA oligo inhibits
the Dicer and Drosha-mediated processing of the mir-122 precursors by interacting
with their stem-loop structure (Gebert et al., 2014), and the results in pre-clinical trials
on rodents and non-human primates showed a reduction of HCV mRNA, an efficient

delivery to the liver and a reduced accumulation of cholesterol (Elmen et al., 2008a,b).
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As no adverse reaction was observed in healthy volunteers of the phase I study, the
molecule entered phase II in 2009. The phase Ila study in HCV patients showed a
prolonged reduction of HCV RNA, few cases of viral rebound and mostly grade 1
adverse effects (Janssen et al., 2013). Phase IIb trials are currently ongoing to confirm
these promising results.

MRX34 is a mimic of mir-34 currently investigated as a treatment in cancer by Mirna
Therapeutics. In rodents, MRX34 treatments resulted in a significant reduction of tu-
mours along with an enrichment of mir-34 in these structures (Bader, 2012; Misso et al.,
2014). Three patients from the phase I study showed a stabilisation of the disease and
a reduction of mir-34 targets in white blood cells. However, as severe immune-related
adverse events occurred in several patients, the development of this miRNA mimic
was stopped at the phase I stage and the pre-clinical studies protocol will need to be
redesigned in order to take immune-related events into consideration (Beg et al., 2017).
The company miRagen is currently undertaking phase I clinical trials for MRG-201
(mir-29 mimic) in patients with scleroderma, and MRG-106 (antimir-55) in patients with
cutaneous T-cell lymphoma. The interim report presented in April 2017 reported that
MRG-201 treatment is well tolerated by patients and more detailed results are expected
soon for both studies (see miRagen website; http://www.miragen.com/clinical-trials/).
Another example of miRNA having entered phase I clinical trials is MesomiR-1 a mir-16
mimic developed by EnGenelC and the Australian Asbestos Disease Research Institute
for the treatment of malignant pleural mesothelioma and lung cancer. The first results
suggest little adverse events of the treatment in the patients and an improvement of their
quality of life parameters (Zandwijk et al., 2015).

Finally, RG-125 (AZD4076) is a molecule resulting from a collaboration between
AstraZeneca and Regulus that has been tested in phase I studies since late 2015.
This mir-103/107 inhibitor was tested as a treatment in non-alcoholic steatopheatitis
(NASH), or fatty liver disease, but AstraZeneca recently announced the end of its clinical

development (see Regulus website; http.//regulusrx.com/).
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At present, no miRNA is undergoing clinical studies on patients for the pathogenesis
of Chronic Kidney Disease or Autosomal Dominant Polycystic Kidney Disease. A few
pre-clinical trials have been undertaken suggesting that some miRNAs-based therapies
(anti-miR or miRNA-mimic) could be potential drugs candidates in the future. Currently,
the most advanced miRNA candidate for the treatment of ADPKD is an anti-mir-17 that
had promising effects on cysts-originating cells and PKD mice and will soon be filed for
an Investigational New Drug program by Regulus (Hajarnis et al., 2017 and see Regulus
website; http.//regulusrx.com/).

All the other potentially interesting miRNAs-based therapies in ADPKD (see previously
cited miRNAs involved in the pathogenesis of ADPKD) are only in pre-clinical phases

and still being characterised in animals before being able to progress to clinical studies.

1.4 Rationale and hypothesis

The kidney, a complex and essential organ, can be affected by various disorders leading
to chronic kidney disease (CKD), a condition affecting around 10 % of the population
and therefore a major public health issue. Among the pathologies resulting in CKD,
Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most common inherited
kidney disorder and its patients manifest severe phenotypes eventually leading to end-
stage renal disease (ESRD) and the need for kidney transplantation for half of them.

The conditions for the development of ADPKD are a germline mutation in one or the two
PKD genes, and a ’second hit’ that needs to occur for the patient to manifest symptoms.
This second hit is typically thought to be a somatic mutation or insufficient levels of
polycystins expressed in the kidney. However, patients carrying the same PKD1 or PKD?2
mutation will exhibit phenotypes of varying severity, suggesting that sporadic events or
third hits are also influencing the patients outcome. These sporadic events can be of
genetic (somatic mutation), environmental (kidney injury) or other (miRNAs) nature.
Micro-RNAs are small single-stranded nucleic acids known to regulate genes expression
in the cells either by initiating their degradation or repressing their translation. Their
biogenesis involves multiple steps mediated by different factors whose dysregulation can

result in aberrant miRNAs expression and impairment of genes regulation.
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miRNAs have been reported to play major roles in multiple diseases such as vascular
pathologies and cancer, and a few of them have recently given promising results as
disease biomarkers or potential future treatments.
However, their role in ADPKD is not well known. Only the mir-17~92 cluster was
consistently proven to play a direct role in the pathogenesis of the disease, while a few
other miRNAs have been suggested to be relevant but more work needs to be done to
fully demonstrate and understand their involvement in the disease. Bioinformatics studies

listed many new potential candidates which need to be further validated experimentally.

We surmised that some miRNAs, in particular those we initially identified from a
parallel mRNA/miRNA microarray performed on human ADPKD cells, are consistently
dysregulated in ADPKD and influence its severity by affecting factors and pathways re-
sponsible for the cysts formation and aberrant cell proliferation and apoptosis observed in
the disease. Generally, the aims of my project were to characterise new miRNAs involved
in ADPKD, to identify targets of these nucleic acids directly influencing the disease phen-
otype by different approaches and to understand the mechanisms governing their dysreg-

ulation in this pathological context.
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2.1 Materials and Reagents

All chemicals were purchased from Sigma Aldrich (Saint Louis, USA) unless stated oth-

erwise.

2.1.1 SDS-PAGE gels for Western blotting

Table 2.1: Composition of SDS-Page gels for Western blotting

Separating gel (x4) Stacking gel (x4)

Reagent 7 % 125 % | 15 % 4 %
dH,O 8mL | 6.3mL | 3.8 mL 3050 uL
1.5M Tris-HCI (pH 8.8) 4 mL 4 mL 4 mL -
0.5M Tris-HCI (pH 6.8) - - - 1250 uL
mlmidebis 3 saml [ 20m | oo
10 % SDS 160 uL | 160 uL | 160 uLL 50 uL
10 % APS 160 uL | 160 uL | 160 uLL 50 uL
TEMED (Thermo Fisher) l6ul | 16 uL | 16 uL 10 uL

2.1.2 Buffers

Table 2.2: Composition of IP buffer used to resuspend proteins for Western blotting

Compound Concentration
NaCl 150 mM
NaPO4 (pH 7.0) 25 mM
Triton X-100 1 %
NP-40 0.5 %
Protease & Phosphatase 1x
Inhibitors Cocktails

Table 2.3: Composition of PBS buffer

Compound Concentration

NaH,PO4 4.6 mM

Na,HPO4 16 mM
NaCl 150 mM
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Table 2.4: Composition of Tris-Buffered Saline 0.2 % Tween (TBST) buffer

Compound Concentration
NaCl 136 mM
Tris 20 mM

Tween 20 0.2 % viv

Table 2.5: Composition of Western blot running buffer

Compound Concentration
Glycine 190 mM
Tris Base 25 mM
SDS 0.1 % vlv

Table 2.6: Composition of Western blot transfer buffer

Compound Concentration
Glycine 192 mM
Tris Base 25 mM
Methanol 10 % viIv

Table 2.7: Composition of lysis buffer for genotyping

Compound Concentration
NaCl 2 mM
EDTA 5mM
Tris (pH 8.0) 100 mM

Table 2.8: Composition of TAE buffer for agarose gel electrophoresis

Compound Concentration
Tris Base 40 mM
EDTA (pH 8.0) I mM
Glacial Acetic Acid 0.1 % viv

2.1.3 Antibodies




Table 2.9: List of primary and secondary antibodies used for Western blotting and IHC

Target Company Reference Species Tegﬁzi;l;le /
Anoctamin 1 Santa Cruz Biotechnology 9272 Monoclonal Mouse IgG2b WB =1/ 500
Calbindin D-28K | Cell Signaling Technology 13176 Monoclonal Rabbit IgG WB = 171,000
IHC = 1/ 500
CCIEI%S 51;/ Abnova H00053405-M03 Monoclonal Mouse IgG2a VIV}]I3C:=11/2,1(())(3)0
pAkt Cell Signaling Technology 9271 Polyclonal Rabbit WB = 1/1,000
Total Akt Cell Signaling Technology 9272 Polyclonal Rabbit WB =1/2,000
pERK Cell Signaling Technology 9101 Polyclonal Rabbit WB = 1/2,000
Total ERK Cell Signaling Technology 9102 Polyclonal Rabbit WB =1/2,000
PI3K-p85a Sigma-Aldrich HPAOO1216 Polyclonal Rabbit WB =1/2,000
PI3K-p110« Cell Signaling Technology 4249 Monoclonal Rabbit IgG WB =1/1,000
TRBP Proteintech 15753-1-AP Monoclonal Rabbit IgG WB = 1/500
B-actin Abcam ab6276 Monoclonal Mouse IgG1 WB =1/ 15,000
Calnexin Sigma-Aldrich C4731 Polyclonal Rabbit WB =1/2,000
Mouse Dako P0447 Polyclonal Goat - HRP WB =1/5,000
Rabbit Dako P0448 Polyclonal Goat - HRP WB =1/5,000
Mouse Vector Labs MP-7402 Polyclonal Horse - HRP IHC = Kit conc.
Rabbit Vector Labs MP-7401 Polyclonal Horse - HRP IHC = Kit conc.
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2.1.4 Plasmids

Table 2.10: List of plasmids generated for this project - native sequences
The positions numbers refer to the first and last bases cloned from the original 3’UTR sequence

Plasmid backbone Insert Position | Insert length | Cloning sites
pmirGLO vector ANO1 3°’UTR | 1061-1504 443 bp Xbal
pmirGLO vector | CALB1 3’UTR | 128-472 344 bp Xbal
pmirGLO vector | CELF2 3’UTR | 4380-4874 494 bp Xbal
pmirGLO vector CLIC5 3°’UTR | 882-1312 924 bp Xbal
pmirGLO vector | ERBB4 3’'UTR 29-433 404 bp Sacl/Xbal
pmirGLO vector | IGFBP5 3’UTR | 1769-2050 281 bp Xbal
pmirGLO vector | ILIRAP 3’UTR | 1002-1452 450 bp Sacl/Xbal
pmirGLO vector | PIK3R1 3’UTR | 864-1305 441 bp Xbal
pmirGLO vector PKP2 3°’UTR 542-957 416 bp Sacl/Xbal
pmirGLO vector SYT1 3°’UTR 21-457 436 bp Xbal

Table 2.11: List of plasmids generated for this project - mutant sequences

Plasmid backbone Mutated bases
pmiI‘GLO—ANOl 3’UTR 14()2GT>CA
pmirGLO-CALB1 3’UTR 171GGTC>CCAG

pmirGLO-CELF2 3°’'UTR

4681 CTGT>GACA

pmirGLO-CLICS 3°’UTR

1131GA- - - -ACTG>CT- - - -TGAC

pmirGLO-ERBB4 3°UTR 04CAG>GTC
pmirGLO-IGFBP5 3°UTR 1944GCCA>CGGT
pmirGLO-ILIRAP 3’UTR 104sACTG>TGAC
pmirGLO-PIK3R1 3’UTR 967CCAG>GGTC
pmirGLO-PKP2 3'UTR 612CTGT>GACA
pmirGLO-SYT1 3°'UTR 2320CTGT>GACA
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SV40 late poly(A) signal 106-327
SV40 early enhancer/promotor 426-844
hRIuc-neo fusion protein coding region 889-2664
Synthetic polyadenylation signal 2128-27176
[3-lactamase (Ampr) coding region 3037-3897
ColE1-derived plasmid origin of replication 4052-4088
Human phosphoglycerate kinase promoter 5094-5609
Jluc2 reporter gene 5645—7297
Multiple cloning site (MCS, Figure 1) 7306-7350

SV40 late
MCS  poly(A) signal

- | J SV40 early
enhancer/promoter

pmirGLO
Vector

PGK (7350bp)

promoter

Ampr Synthetic

o~ ‘7_—:_1/_, poly(A) signal

5°...GCAAG ATCGC CGTGT AATTC TAGTT GTTTA AACGA GCTCG CTAGC
| | | I |
luc2 Pmel EcolCRI  Nhel

Dral Sac |

TB41MA

IC-TCG/'—\ GHTCTA GA”GTC GAC|CT GCAGG... 3"

Xhol Xbal Sall
Accl Sbfl

Figure 2.1: Map of the pmirGLO vector used as a backbone for cloning and for the dual-
reporter luciferase assays

2.1.5 Primers

The coding sequences of the genes were taken from the NCBI database (https://www.ncbi.
nlm.nih.gov/gene/) and the 3°’UTR sequences from the USCS Genome Browser database
(http://genome.ucsc.edu/). The following primers were designed using the Primer3 online
tool (http://bioinfo.ut.ee/primer3/), and then processed through the PrimerBlast software
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to get more confidence about their
specificity. They were then ordered from MWG Operon and resuspended in Tris-EDTA
buffer (TE = Tris 10 mM, EDTA 1 mM, pH 8.0).
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Table 2.12: List of primers designed for PCR and cloning

Name Sequence (5°—3’)
ANO13’UTR F TAGCCTCGAGTCTAGACAGGAATGTCACTGTTGGACA
ANO1 3’UTR R GCAGGTCGACTCTAGAAATGTCCAGCCACAGTCCTC

CALB1 3’UTR F

TAGCCTCGAGTCTAGATGTGGCTCATTCTTTTCAGCT

CALB1 3’UTR R

GCAGGTCGACTCTAGATGGAAAAGCACATTCCTCCT

CELF2 3’UTR F

TAGCCTCGAGTCTAGACCTCAAAGGCGTAACGAGTT

CELF2 ’UTR R

GCAGGTCGACTCTAGACACCAGAGCAAGCCACAAAA

CLIC5 3’UTRF

TAGCCTCGAGTCTAGAAAAGTGGATGGGAGTGGGAG

CLICS 3°UTR R

GCAGGTCGACTCTAGATTCACCTGGCAGTTGAGTCA

ERBB4 3’UTR F

GGTCGTGAGCTCCACACCTGCTCCAATTTCCCC

ERBB4 3’UTR R

CTCGTATCTAGAATGCACACATCAGTTCCTGC

IGFBPS 3’°UTR F

TAGCCTCGAGTCTAGAGCCAGGGAAGGTGAGTAACT

IGFBPS5 3’°UTR R

GCAGGTCGACTCTAGAGAGTTTCGGAATCTGGCTGC

IL1RAP 3’UTR F

GGTCGTGAGCTCGCCTTGAGAGTTGCTTTTGG

ILIRAP 3’UTR R

CTCGTATCTAGATGGACAAGAGTTCCAGTGGTT

PIK3R1 3’ UTR F

TAGCCTCGAGTCTAGAGCTTCCCCACCCCAGTTTT

PIK3R1 3’'UTR R

GCAGGTCGACTCTAGACACCCCACTTGATACATCCCT

PKP2 3’°UTR F GGTCGTGAGCTCATCCCCTTGGGTTGTTTTTC
PKP2 3’°UTR R CTCGTATCTAGACCAGGCAGTCTGAGAGAAGG
SRY F AGAGTGAAGCGACCCATGAA

SRY R TGTTGTCCAGTTGCACTTCG

SYT13’UTR F TAGCCTCGAGTCTAGACATTTGCCCATATAGTGCTC
SYT1 3’UTR R GCAGGTCGACTCTAGAGCTGGAATGCAGACGATAC
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Table 2.13: List of primers designed for site-directed mutagenesis

Name Sequence
ANO1 Mut F GTTTTGTATATAAATAGACAATTAAAAATTAGGC
ANO1 Mut R GCCTAATTTTTAATTGTCTATTTATATACAAAAC
CALB1 Mut F AAGAAGAAAGTCTATGCTTAGGGGTCTCAGTACACCCAATTTTAAAA
CALB1 Mut R TTTTAAAATTGGGTGTACTGAGACCCCTAAGCATAGACTTTCTTCTT
CLICS Mut F TCCAGCAGCTGCTCCTGCCTCTTTCATGACTAGCCTGTAATGGGTAAAAG
CLICS Mut R CTTTTACCCATTACAGGCTAGTCATGAAAGAGGCAGGAGCAGCTGCTGGA
ERBB4 Mut F CTTCCTTCTACCCCAAGGCGTCTCGTTTTGACACTTCCCAG
ERBB4 Mut R CTGGGAAGTGTCAAAACGAGACGCCTTGGGGTAGAAGGAAG
IGFBPS Mut F CTTCCTCCATTCTGCGGTGTCCCTGCATCCTCC
IGFBPS5 Mut R GGAGGATGCAGGGACACCGCAGAATGGAGGAAG

IL1RAP 2 bases Mut F ATTAATATTCTAAGAGAATTAACACTATTTCCTGTCACCTATTCACT

IL1RAP 2 bases Mut R AGTGAATAGGTGACAGGAAATACACATAATTCTCTTAGAATATTAAT

IL1RAP 4 bases Mut F | ATTAATATTCTAAGAGAATTATGACTATTTCCTGTCACCTATTCACT

IL1RAP 4 bases Mut R | AGTGAATAGGTGACAGGAAATAGTCATAATTCTCTTAGAATATTAAT

PIK3R1 Mut F TAAAAGTAAATGTACAGGATGGGTCTAAAAAAAAAAAATGGCTTCA

PIK3R1 Mut R TGAAGCCATTTTTTTTTTTTAGACCCATCCTGTACATTTACTTTTA

PKP2 2 bases Mut F TTAGATTACAGAGTATGCATGAGAGTAAGAAAAAGAAATTGAGAGGAA

PKP2 2 bases Mut R TTCCTCTCAATTTCTTTTTCTTACTCTCATGCATACTCTGTAATCTAA

PKP2 4 bases Mut F TTAGATTACAGAGTATGCATGAGACAAAGAAAAAGAAATTGAGAGGAA

PKP2 4 bases Mut R TTCCTCTCAATTTCTTTTTCTTTGTCTCATGCATACTCTGTAATCTAA
SYT1 Mut F

CACAAATGACATTTAATTTCAGACAATTCAGCTTTAAGTTGTTCAC

SYT1 Mut R GTGAACAACTTAAAGCTGAATTGTCTGAAATTAAATGTCATTTGTG
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Table 2.14: List of primers designed for gPCR of human genes

Name Forward Primer (5°—3’) Reverse Primer (5°—3°)
AGO1 TGACAACCGTTTCACAGCAG GAAGTACATGGTGCGCAGAG
AGO2 AGATCAACGTCAAGCTGGGA CGCGTGGACTTGTAGAACTG
AGO3 ACCAGTGTATGCGGAAGTGA GGCTTCTTTCCATCACCAGC
AGO4 CAGGGGATGGGAAGAAACCT GGGTTTGAAGCGTGTGGATT
ANO1 ACGAGGAGTGTGTGAAGAGG TGCATGGTCCCGTTCTTACT
AQP1 TTCCGTGCCCTCATGTACAT CACCATCAGCCAGGTCATTG
AQP2 TTTGGCTTGGGTATTGGCAC CTGAGAGCATTGACAGCCAG
AR CCCACTTGTGTCAAAAGCGA AATGGGCAAAACATGGTCCC
CALB1 TCATCCCTCATCACAGCCTC CGGAAGAGCAGCAGGAAATT
CCNAl GGGCTGGGGAGAAGAGTATC GGAAGGCATTTTCTGATCCA
CDK1 TGGAGAAGGTACCTATGGAGTTG | GAAGAATCCATGTACTGACCA
CDKN1A | CCCAAGCTCTACCTTCCCAC AGGCACAAGGGTACAAGACA
CELF2 GTCATGGTCGGAAAAGGAGC CCACAGCGTTGGACTTTTCA
CLICS TCGGCAACTGTCCTTTCTCT GAGCCTTGGTTAGGCCTCTT
CLIC5A | CAGGGACCCCGAGATCGA TTTCAGGGGTCAAGGTCTCC
CLIC5B | GCCACTCAGCTGAATACCCA GGCCTTACTGTGCTGAATGG
CMYC AACACACAACGTCTTGGAGC GCACAAGAGTTCCGTAGCTG
DICER1 | TGGTCCACGAGTCACAATCA CAGCCAATCGTACACAGCTC
DMD AAGTGGAAATGTTGCCAAGG GCAATGTGTCCTCAGCAGAA
DOCK4 AACAACTGGGACTGGACCTG CCACAAAGAGGGAGCAATGT
ENPP4 ATCATGGGATGACCCAGTGT AGCCTTTGTGAAATGCAGGT
ERBB4 GTACTTGGTCCCTCAGGCTT TGGGTGCTACTGTCCTCTTG
ESR1 CAAGCCCGCTCATGATCAAA TCAAATCCACAAAGCCTGGC
ESR2 TTAGTGGTCCATCGCCAGTT TCCTTCACACGACCAGACTC
FLI1 AGGGGCACAAACGATCAGTA GCCGTGCACTTTGGTCATAA
FOXO1 GCAGCCAGGCATCTCATAAC CCATGTCACAGTCTAAGCGC
FRAS1 GCCGTTGCCATGGTGATATT TCCTCCCCATCCTGAAACAC
FSTL1 AAGTGCCTCAACCCATCT TGCTCACTCTCTTGGTCT
GAPDH | CCATCTTCCAGGAGCGAGAT TGCTGATGATCTTGAGGCTG
GREM2 | CACGTGAAGAAGGAGGAGGA TTCTTGAGTCGGAAGGGTGG
ID4 AGTGCGATATGAACGACTGCT CACAGAATGCTGTCGCCCT
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Name Forward Primer (5°—3’) Reverse Primer (5°—3°)
IGFBP5 AGTGAAGAAGGACCGCAGAA | TCCTTTGCGGTCACAATTGG
IL1RAP CTGTGCATCTTTGACCGAGA ACCTGCCCTGTGGATACTTG
ITGBS GGGCCAAGGTGAAGACAATA | TGTGCATTGATGCTGAGACA
JPH1 GTCCGAATCCAAGTCTTCCA | AGCCATATCCATGCCTCTTG
KIF22 CTGGGCAAAGTGGTAGATGC | CTCTCTTTGCCTCTGGTGGA
KRT19 CTTTGTGTCCTCGTCCTCCT GTCGCGGATCTTCACCTCTA
LCN2 CAGGGGAAGTGGTATGTGGT | AGTCAGCTCCTTGGTTCTCC
MCMS5 CAATCCACGAAGCCATGGAG | AGATGGTGGGCATGAAGTCA
MCM6 GTTTCAGAGCAGCGATGGAG | GCAGGTCTTGGAATGCAACA
MCM7 CATGCCTCTGATCATGTGCC AGCACCGTGATACTACGAGG
MCPIP1 CCACCTCGAGAGTACTGGTC | GGAAACACACCACACAGCTT
MFI12 CCCAAGAACTACCCCTCCTC GTGGTCGTCTCCAAACAGGT
MYCN CCAAGGCTGTCACCACATTC TCCTCCGAGTCAGAGTTTCG
MYO10 TCAAGCCAAACATGCAGAAG | CGTGCTAAGAAGCCCAAGAC
NPR3 ATGGAGATGGCTCATGGAAG | CGGCGATACCTTCAAATGTT
PIK3CA GGAGCCCAAGAATGCACAAA | TTTGTTGTCCAGCCACCATG
PIK3CB AGCTGGTTTGGATCTTCGGA | CAGGTCATCCCCAGAGTTGT
PIK3CD GAGAAGGACCTGGTGTGGAA | GCTCATCGTCCGTCAGTTTC
PIK3R1 ATATACCCGCACATCCCAGG TTTCATTGCCCAACCACTCG
PIK3R2 GGGGACATTTCAAGGGAGGA | CAGAAGTGAGTGGCTCTGA
PIK3R3 AGCCACCTAAGCCAATGACT | AAGAAGGTCCCATCTGGCAT
PKP2 ATCTTCACCGAACCAGCAGT | GGCTTCTCTGGCTGTACTGG
PLAU TGAGGTGGAAAACCTCATCC | CACAGCATTTTGGTGGTGAC
PODXL GGCGCTTCGGATGAGAAATT | ACCCCTGCCTCCTTTAGTTC
POLE GCTGTGTGTGTGTGGTCAAT TTCCAGGTAGCTGAACTGGG
PTGER2 GCTTTCGCCATGACCTTCTT CCGAGACAATGAGAAGCAGC
PTGIS GTATCCTTTGGCAAGCGGAG | AGCCGTTTCCCATCCTTGTA
RGCC GCCACTTCCACTACGAGGAG | TTTTGTCAAGATCAGCAATGAA
RPS6KA2 | ATCAAGCCACCGTTCAAACC | ACTCGGTGTCTGTGGCTTTA
SHROOM3 | ACCCTGTCATCTTTCCCCTG TAGCCCTGACCATTTGCTGA
SLC12A3 ACAGAGTCAAGTCCTTCGG GTGAGCACGTTTTCCTGGTT
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Name Forward Primer (5°—3’) Reverse Primer (5°—3°)
SLC22A10 | CAGGTTTGGGCGAAGATTTA AAAGGTACAGACGCCACCAC
SLCO2A1 TCTATCTTCCACCCGGTCTG AGGAGTGGTCAATGGTGAGG
SOX5 CAATTTGCTCCAGCAACAGA GCTTCCCTCCTGGAGATACC
SPOCK2 GTTGTACTGGGTGGGTCGG CCGGCAATTTCATGGAGGAC
SSPN CCACTATTCGCAGCTCACAC TGAGGGAGCATATCCTGACA
SYK AAAGTTCCTGATCCGAGCCA GCAAGTTCTGGCTCATACGG
SYT1 TCTGCTTCTCCCTTCGCTAC TACCACCACCTGCACTTTCT
TARBP2 CCAGAATAGGGAAGACGCCT CTTTGAGGTGTTTGAGGGCC
TES TGGCTGTGACGAGCTGATAT CTTCTGGGTCGATGGCATTG
UMOD AGACGAGGACTGCAAATCGA TTGTCGAAGCCCAGACTCTT
Pre-mir-582 | CTGTGCTCTTTGATTACAGTTGT | TGTTTCTACTTTGCACCCTTTG

Table 2.15: List of primers designed for gPCR of mouse genes

Name Forward Primer (5°—3’) Reverse Primer (5°—3’)
B-Actin Mouse | TGTTACCAACTGGGACGACA | TCTCAGCTGTGGTGGTGAAG
Anol Mouse AGACCACAAAGAGGCTCTCC | TCCGTAACTTGCCCATTCCT
Calb1 Mouse ATGCCAGCAACTGAAGTCCT | AGCAAAGCATCCAGCTCATT
Ccnal Mouse CCTGGCATTTGATCTGACCG | TGCAGGGGAAGAACTACAGG
Celf2 Mouse CAGGCTTGACGAATGGTACG | CCGTTCATAGCCTGGATTGC
Clic5 Mouse GCAAAACACCGGGAATCTAA | CCACAATCTTGACCACATGC
Fstll Mouse GACGCCCTCATTGAACTGTC | TTGGTCTTTTCTGCTGTGCC
Igfbp5 Mouse CGAGATGGCTGAAGAGACCT | GCCTTGTTCGGATTCCTGTC
Kif22 Mouse TTCTCTGACTTCGAGCAGCA | TGCCCAGTACAAAGAGGGAG
Krt19 Mouse ATTGAGGAGCTGAACACCCA | ATCTGTGACAGCTGGACTCC
Pik3r1 Mouse ACCTGGACTTAGAGTGTGCC | GAGTGTAATCGCCGTGCATT
Plau Mouse AACCCTACAATGCCCACAGA | TTCTGGTAGATGGCTGCGAA
Rps6ka2 Mouse | TGGATGAGTCTGGAAACCCC | GCCGATCCTAGCCAGAATCT
Shroom3 Mouse | CACAGTGCAGACTCCAGGTA | GCTTTTGGATCGTCGAGGTC
Slco2al Mouse | TGCTTTGTCATGGCCTCCTA AGAGGTCGGTCTGAAAGTGG
Sytl Mouse CTTCTCCAAGCACGACATCA | CTCGAACGGAACTTCAAAGC
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The following primers were not generated by myself but ordered from Thermo Fisher

for TagMan qPCR assays or Qiagen (Hilden, Germany) for SYBR Green pre-miRNA

assays:

Table 2.16: List of primers purchased for TagMan assays and SYBR Green pre-miRNA assays

2.2 Preliminary work: constitution of a new database

Name Supplier Reference
U6 snRNA Thermo Fisher | 1006
Rnu 48 Thermo Fisher | 1973
mmu-mir-193b Thermo Fisher | 2467
hsa-mir-193b Thermo Fisher | 2367
hsa-mir-193b* Thermo Fisher | 2366
mmu-mir-582-5p Thermo Fisher | 471065_mat
hsa-mir-582-5p Thermo Fisher | 1983
hsa-mir-582-3p Thermo Fisher | 2399

mmu-pri-mir-193b

Thermo Fisher

Mm03308440_pri

mmu-pri-mir-582

Thermo Fisher

MmO03308696_pri

hsa-pri-mir-582

Thermo Fisher

Hs03303897_pri

hsa-pri-mir-193b

Thermo Fisher

Hs03304420_pri

mmu-pre-mir-193b | Qiagen MP00004704
mmu-pre-mir-582 Qiagen MP00006195
hsa-pre-mir-193b Qiagen MP00001253

The work presented in this section was performed by Dr Andrew Streets before the start

of the present PhD project and served as the basis for this thesis.

2 normal (UCL93 and RFH) and 4 cystic (Ox161c1, SKI001, Ox938, SKI002) cell lines

were previously established in our laboratory by immortalisation of healthy or cystic hu-

man kidneys cells (Streets et al., 2013; Parker et al., 2007). The cells were plated on 10

cm? Petri dishes and cultured in DMEM F-12 (Gibco, Carlsbad, USA) + 5 % Nu serum

(Corning, Corning, USA) + 1 % L-Glutamine (Lonza, Basel, Switzerland) + 1 % Penicil-

lin/Streptomycin (Lonza) at 33 °C, 5 % CO,. When they reached around 70 % confluence,

the cells were synchronised by serum-starvation for 24 hours followed by a 24-hours long
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new incubation in serum-containing medium. Trizol reagent (Ambion, Carlsbad, USA)
was used to extract the RNA following the manufacturer’s instructions. One-Colour Agi-
lent microarrays (Agilent, Santa Clara, USA) were performed at the Sheffield Institute for
Translational Neuroscience (SiTRAN) to assess miRNA and mRNA expression and the
data was analysed through GeneSpring GX software (Agilent). (semi-quantitative) real-
time TagMan qPCR (see general (sq) RT-PCR method below) was performed three times
on three different RNA extractions to confirm the deregulation of the Top 5 miRNAs (Mir-
582-5p, mir-335-5p, mir-660-5p, mir-181a-2-3p, mir-193b-3p). From these 5 miRNAs,
mir-193b-3p was significantly down-regulated by 0.5-fold and mir-582-5p by 0.8-fold
compared to normal. To determine a list of deregulated genes that could be potential tar-
gets of these two miRNAs, our miRNA and mRNA microarrays datasets were matched
using the "Protein Analysis Through Evolutionary Relationships’ (PANTHER) classific-
ation system (available at www.pantherdb.org). 14 and 19 potential target genes were

found up-regulated by at least 4-fold for mir-193b-3p and mir-582-5p, respectively.

Significantly
5
mRNA arr® altered genes
=1515

2 normal and 4
cystic cell lines

Micr,, Significantly

A,
V4 Offoys altered miRNAs
=11

Figure 2.2: Parallel mRNA/miRNA diagram.
Diagram of the parallel mRNA/miRNA microarray. Published in Streets et al., 2017.
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2.3 Selections of targets using bioinformatics analyses and
comparisons of datasets
Approach three:
Approach five:
Box Plots
Hse Of_ m.|RNA targets Direct comparison of
prediction tools to
determine new = 4 -
candidates

Comparison of
Sheffield’s Human cells
dataset with Leiden’s
Selection of several Cre,Lox Mouse model
targets such as ERBB4, Selection of PLAU
CALB1 and CLIC5
(Chapter 3)

L 4

Results given as Box
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Approach two: levels of the miRNA-

mRNA Array predicted targets in
Cre,Lox mice at
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and p-value without :

considering miRNA-
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(3 cells batches)
A 1 4

Selection of several
genes such as CCNA1
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(Chapter 3)

Selection of several
genes such as PIK3R1
(Chapter 4)

Figure 2.3: Different methods used in this project to select interesting candidates
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As shown in Figure 2.3, I used several methods to select new targets based on bioinform-
atics and systems biology approaches.

The first approach presented in the first part of chapter 3 consisted in analysing our
parallel mRNA/miRNA dataset using the PANTHER classification system and classifying
the targets by biological processes. From this, the most relevant targets were selected and
their deregulation was measured by (sq) RT-PCR in one batch of three normal and four
cystic human cells. The genes found up-regulated in the cystic cells were validated in a
second independent batch and the confirmed candidates were selected for further studies.

The second approach (shown in the second part of chapter 3) consisted in focusing
only on the results of our mRNA microarray without taking the miRNA dataset into con-
sideration. The dataset elements were ranked by highest fold change and highest signi-
ficance and the most relevant targets were select based on their expression levels in the
kidney and on what was known of their function from the literature. The selected targets’
deregulation was then assessed by (sq) RT-PCR on several independent batches of cells,
and the ones that were confirmed were kept for further experiments.

Chapter 4 regroups the results from the selection methods three, four and five. These
have in common a collaboration with Dorien Peter’s and Peter-Bram 't Hoen’s teams
in Leiden University Medical Center (LUMC, Netherlands), meaning they use different
ways of comparing our dataset with their own dataset generated from PkdI-conditional
Cre,Lox mice at different ages and using their "PKD Signature’ algorithm.

Method three consisted in directly comparing the deregulated candidates that were
also predicted targets for our two miRNAs from our dataset with the Leiden group’s pre-
liminary dataset as well as three other datasets using mouse (Menezes et al., 2012), rat
(O’ Meara et al., 2012) and human (Song et al., 2009) models and validate their dereg-
ulation by (sq) RT-qPCR. This preliminary dataset was obtained previously to the high-

throughput RNA-seq dataset they generated in order to define their "PKD Signature’.
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The fourth approach was based on a functional enrichment analysis using Gene Set
Enrichment Analysis (GSEA) (Subramanian et al., 2005) and the Leiden group’s "PKD
Signature’. The Molecular Signatures Database (MSigDB) (Liberzon et al., 2011) is a tool
that uses the GSEA to classify elements from a dataset and identify enriched pathways,
oncogenic signatures, biological processes for example, compared to another condition
(here we compared ADPKD and normal condition). Figure 2.4 summarises the different
steps undertaken for this analysis. First of all, I entered either the list of all deregulated
genes from our dataset, the list of all predicted targets for mir-193b-3p or mir-582-5p or
the list for all predicted targets actually found deregulated in our dataset, in the GSEA
MSigDB algorithm and queried for the 100 most enriched canonical pathways, biological
processes and hallmark gene sets. We sent this list ranked by p-value to Leiden who
after ranking the same elements by k/K ratio (enrichment) selected the top 20 of each and
entered them in their "PKD Signature’. The 'PKD Signature’ was generated through a
meta-analysis of PKD expression profiles from the Leiden group’s own dataset and previ-
ously published datasets and contains 1,515 genes (see Malas et al., 2017). From this step
was obtained a list of the most significantly enriched pathways, biological processes and
hallmark gene sets as well as the deregulated genes in each of these categories found in
at least one of the datasets (not necessarily ours). Finally, the most interesting candidates
were selected based on literature information and potential connection to ADPKD, and
their deregulation in the disease was validated through further experiments.

The fifth and final approach described in chapter 4 is based on a direct comparison with
the Leiden group’s dataset, again, but this time using box plots presenting the expression
levels of the genes from our dataset measured in their inducible Pkd! deletion model at
different time points. This gave a visual indication of the evolution of our candidates’
expression over time in this ADPKD mouse model, hence suggesting that they were de-
regulated in at least two models of the disease. The ones with increasing expression over
time and a potentially relevant role in ADPKD were selected, and (sq) RT-PCR were

performed to validate their deregulation in our models.
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This list of bioinformatics analysis methods is not comprehensive and only presents

the approaches that gave me interesting candidates to study further.

2.4 Mouse models

The Pkd1™" (NeoLox model) mice and tam-KspCad-Cre;Pkdl del2-1LIox (CreLox model)
mice were bred as previously described (Lantinga-van Leeuwen et al., 2004, 2007; Malas
et al., 2017). NeoLox mice at 2, 4 or 10 weeks of age were culled and weighed and their
kidneys were then extracted, weighed and snap-frozen in liquid nitrogen. Ear clips were

taken from the animals in order to determine their genotype.

2.5 Cell lines

Several murine and human cell lines were used in this project. Mouse F1 cells (F1I/WT
and F1/Cre) were generated by Lee et al. (2015) out of cells extracted from collecting
ducts of wild-type or Pkd /! double KO mice. Mouse Embryonic Kidney cells (MEK**
WT and MEK” Null) were generated by Nauli et al. (2003) and issued from collecting
ducts of Pkd19¢!3#@¢13% or wild-type E15.5 embryos, expressing a truncated PC-1 protein
lacking most of its C-terminus. The human cell lines UCL93c3 and RFH (non cystic) and
Ox161(c1), SKIO01, Ox938 and SKIO02 (cystic) were generated by immortalisation of
epithelial tubular cells isolated from patients kidneys (normal or ADPKD) removed for
clinical indications (described in Parker et al., 2007). The cystic cell lines all express a
truncated version of PC-1 (see Table 2.17). CL5, CL8 and CL11 (normal) were issued
from proximal tubules from a single patient and immortalised in Dr Racusen’s laboratory
(John Hopkins University, Baltimore, USA). Cells were not cultured beyond passage 30
except for the CL5, CL8, CL11 that were given as frozen vials of cells at passage 50. A
“batch” of cells in the present thesis is defined as: all the cell lines were thawed at the
same time, passaged the same number of times before being plated and synchronised and
their RNA extracted, which implies they were cultured in the exact same conditions and
any variability observed would not be due to a difference in incubation time or number of

passages since thawing.
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Table 2.17: List of germline and somatic mutation of the human ADPKD cell lines used in this
project

Cell line | Type of mutation Mutation
Ox161 | Germline 4609G>T
Ox161cl | Somatic 12335_12350del CCTTGCGTGGAGAGCT
Germline IVS43-2A>G
SKI001 | Somatic 3364delG
Somatic 6549_6550insT
Ox938 | Germline 7000_-7001insGCTGGCG
SKI002 Germline IVS25-3C>G
Somatic 2312.2324delI TGCTTGCAGCCAC

2.6 Cell culture

HEK?293, CL5, CL8, CL11 (human) and F1/WT, F1/Cre (mouse) cells were cultured at
37 °C, 5 % CO; in DMEM F-12 + 10 % FBS + 1 % Penicillin-Streptomycin + 1 %
L-Glutamine. RFH, UCL93, Ox161c1, SKI0O01, Ox938 and SKI0O02 cells were cultured
at 33 °C, 5 % CO; in DMEM F-12 + 5 % Nu serum + 1 % L-Glutamine + 1 % P/S.
MEK WT and MEK™" Null (mouse) were cultured at 33 °C, 5 % CO, in DMEM F-12 +
5 % FBS + 1 % Penicillin-Streptomycin + 1 % L-Glutamine + 1 % Insulin-Transferrin-
Selenite (Gibco) + 0.0004 % Hydro-Cortisone + 0.15 % Triiodothyronine. Passages were
performed using 0.05 % Trypsin-EDTA (Gibco) after washings with PBS.

2.7 RNA extraction from mouse kidney and cultured cells

1/4 of mouse kidney was cut and lysed in 500 uL of Trizol reagent using a BeadBug homo-
geniser and 0.3 mm zirconium beads-filled tubes. The lysate was then transferred to 1.5
mL eppendorf tubes and 200 uL of Trizol was added and mixed. The miRNAs were then
extracted using the miRNEasy extraction kit from Qiagen and following the manufactur-
ers instructions. RNA was extracted from the tissue lysates or the cells using a direct
Trizol extraction according to the manufacturer’s instructions. After a treatment with
DNase (Thermo Fisher, Waltham, USA) in order to remove the genomic DNA residues,

the RNA was either retro-transcribed into cDNA or stored at -80 °C for a few weeks.
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2.8 RNA retrotranscription to cDNA and semi-quantitative real-time

PCR

2.8.1 Genes and primary miRNAs

The high capacity RNA-to-cDNA kit (Applied Biosystems, Carlsbad, USA) was used to
retro-transcribe typically 2 g or 4 pg of RNA. The synthesized cDNA was diluted /20
in ddH,O.

Table 2.18: Cycle for retro-transcription of RNA for genes and primary miRNAs

Temperature | Time
37 °C 60 min
95 °C 5 min
4°C oo

Genes The real-time PCR primers were designed for each gene using their coding se-
quence and the Primer3 software (see Tables 2.14 and 2.15 above), and ordered from
MWG Operon. For one reaction, 3.5 uL of ddH,O, 7.5 uL. of SYBR Green PCR master
mix (Thermo Fisher) and 1 uL of primers at 5 uM were mixed. These 12 uL of mix were

added to 3 uL of diluted cDNA and loaded in a 384 well plate.

Primary miRNAs The TagMan pri-miRNA assay primers were ordered from Thermo
Fisher (see Tables 2.16 above). For one reaction, the mix was composed of: 1 uL 20x
primers, 10 uL. TagMan qPCR master mix No Amp UNG (Thermo Fisher) and 5 uL
ddH;0O. The 16 uL of this mix were added to 4 uL of diluted cDNA and loaded into a
384-well plate.

2.8.2 Precursor miRNAs

The precursor miRNAs were retro-transcribed using miScriptll RT kit from Qiagen. 500
ng of RNA were mixed with ddH,O to get a total volume of 12.5 uL. These 12.5 uL were
added to a mix composed of 4 uL of 5x miScript HiFlex buffer, 2 uL of 10x miScript
nucleic mix, 1 gL miScript RT enzyme and ddH,O qs 20 uL. Table 2.19 describes the

cycle used in the thermocycler.
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Table 2.19: Cycle for retro-transcription of RNA for precursor miRNAs

Temperature | Time
37°C 60 min
95 °C S min
4°C oo

The 10x primers for human and mouse pre-mir-193b and mouse pre-mir-582 were
purchased from Qiagen. The primers for human pre-mir-582 were designed based on the
sequence given by mirBase and the Primer3 software and ordered from MWG Operon.
The real-time PCR mix for one reaction was composed of: 5 uLL of SYBR Green PCR
master mix, 1 uL of 10x primers or 1 uL of forward and reverse primers at 5 uM, and 2
uL of ddH;0O. 1 uL of the previously retro-transcribed RNA was added to this mix in a
384-well plate.

2.8.3 Mature miRNAs

TagMan miRNA assay primers were purchased from Thermo Fisher. The mature mi-
RNAs were retro-transcribed specifically using this assay’s 5x RT primers.

For one reaction 250 ng of RNA, or 5 uL in ddH,0, were added to 7 uL. of mix made of:
0.15 uL of ANTP mix, 1 uL of MultiScribe RT enzyme, 1.5 uL of 10x RT buffer, 0.19
uL of RNase inhibitor and 4.16 uL of ddH;O. To these 12 uL. were added 3 uL of 5x RT

primers.

Table 2.20: Cycle for retro-transcription of RNA for mature miRNAs

Temperature | Time
16 °C 30 min
42 °C 30 min
85 °C 5 min
4°C oo

Mature miRNAs quantification was performed using the assay’s 20x primers.
For one reaction, 1 uLL of TagMan small RNA assay primers were mixed with 1.4 uL.
of cDNA previously retro-transcribed, 10 uL of TagMan reagent and 7.6 uL of ddH,O.

These 20 uL of mix were loaded into a 384-well plate.
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2.8.4 Amplification cycles

Semi-quantitative real-time PCR were then performed using an ABI 7900 machine (Ap-
plied Biosystems).

The amplification cycle was the same for genes, pri-miRNAs, and mature miRNAs:

Table 2.21: Cycle for real-time PCR of mature and primary miRNAs and genes

Temperature | Time | Repeats
95 °C 10 min
95 °C 15 sec
60 °C I min

x40

It was slightly different for precursor miRNAs:

Table 2.22: Cycle for real-time PCR of precursor miRNAs

Temperature | Time | Repeats
95 °C 15 min

94 °C 15 sec
55 °C 30 sec x40
70 °C 30 sec

The specificity of the SYBR Green primers was assessed by adding an extra dissoci-
ation step at the end of the cycle and observing a single peak. GAPDH and f-actin, and
Rnu48 and U6 snRNA were used as references for human and mouse genes, and human
and mouse miRNAs respectively. The 224CT method was used to calculate the relative
changes in gene expression between conditions (fold changes) (Livak and Schmittgen,

2001).

2.9 Agarose gel electrophoresis

Agarose was diluted at 1 % in TAE buffer as well as 0.5 ug/mL of ethidium bromide.
After the gel was cast and solidified, the samples were mixed with 6x blue loading dye
(New England Biolabs, Ipswich, USA), and loaded in the wells along with a DNA ladder

(NEB). The gel was then run at 100-120 V for about an hour, until the samples were
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run well enough but not too far to exit the gel. Imaging was finally performed using a

Chemidoc XRS device (BioRad, Hercules, USA).

2.10 PCR and cloning of 3’UTR of genes of interest into
pmirGLO vectors

The pmirGLO vector commercialized by Promega (Madison, USA) contains a renilla
reporter as well as a firefly luciferase reporter, surrounding the Multiple Cloning Site
(MCS) where we inserted the 3’UTR sequence of our genes of interest. First of all,
between 200 and 400 bases of the 3°’UTR containing the predicted seed sequence of the
miRNAs were amplified by qPCR using cDNA from a human cell line (typically HEK).
The PCR mix was composed of 0.4 uLL of dNTP at 10 mM, 100 ng of cDNA, 0.2 uL of
Phusion enzyme (NEB), 4 uL of 5x buffer and ddH,O g¢s. 20 uL. The amplification cycle

was as presented on Table 2.23

Table 2.23: Cycle for polymerase chain reactions using Phusion enzyme

Temperature | Time | Repeats
98 °C 30 sec
98 °C 30 sec

50°Cto 65 °C | 30sec x35
72 °C 30 sec
72 °C 10 min
4°C oo

The PCR products were then run into a 1 % agarose gel to check that the amplification
was efficient and the size was correct. The pmirGLO vector was digested with Xbal re-
striction enzyme: 1 ug of vector was mixed with 1 uL of Phusion enzyme, 2 uL of buffer
D (Promega) and ddH,O ¢s. 20 uL and the solution was incubated at 37 °C for 2 hours.
The digested vector and PCR product were purified using the NucleoSpin Gel and PCR
Clean-Up Kit (Clontech Takara, Kusatsu, Japan). Concentrations were measured using a
Nanodrop 1000 spectrophotometer (Thermo Fisher) and the PCR product was then lig-
ated into the digested vector using the 5x In-Fusion mix (Clontech) and 100 ng vector for
20 ng insert. After 15 min of incubation at 50 °C, the ligation product was transformed

into JM109 competent bacteria, plated on ampicillin-LB-Agar plates and extracted using
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the mini-prep kit from Omega (Norcross, USA) and following the manufacturer’s instruc-

tions. The constructs were validated by sequencing.

2.11 Site-directed mutagenesis

To introduce 2, 4 or 6 mutations in the miRNA seed sequences from the 3’UTR sequences
of our genes of interest, site-directed mutagenesis was performed using the pmirGLO-
gene construct generated previously and used for dual-reporter luciferase assays. The
primers were designed by centering their 30-bases-long sequence on the genes’ target
sequence and modifying 2, 4 or 6 bases of this section, and then ordered from MWG
Operon. The reaction mix for one reaction was as follows: ddH,O 37.5 uL, 5 uL of
10x Pfu Turbo buffer (Thermo Fisher), 1 uL of template vector at 50 ng/uL, 1 uL of
each primer at 100 ng/ uL, 1 uLL of ANTP Mix at 10 uM, 2.5 uL of DMSO and 1 uL.
of Pfu Turbo enzyme (Thermo Fisher) Table 2.24 indicates the incubation cycle that was

followed:

Table 2.24: Cycle for site-directed mutagenesis

Temperature Time Repeats
95 °C 30 sec
95 °C 30 sec

50°Cto 68 °C 1 min x16
68 °C 1 min /kb
4°C oo

Similarly to the regular PCR reaction and cloning protocol (see above), the samples were
then digested with Dpnl, transformed into bacteria and sent to sequencing to confirm the

insertion of the mutant bases.

2.12 Dual-reporter luciferase assays

MirVana mir-193b-3p mimic, mir-582-5p mimic and Negative control were purchased
from Thermo Fisher and resuspended at 20 uM in sterile ddH,O. HEK293 cells were
plated on a 96-wells plate at 25,000 cells/well the day before transfection. For 5 replicates,
0.5 pL of Lipofectamine 2000 reagent (Thermo Fisher) was mixed to 500 ng pmirGLO
vector and 50 pL of OptiMEM medium.
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Depending on the condition, Negative control miRNA or mir-193b mimic or mir-582
mimic was also added to the mix for a final concentration of 10 nM or 50 nM (e.g. 1.25
uL or 2.5 uLL of 2 uM miRNA). After 15 min, 10 uL of the mix was loaded drop by
drop on the cells confluent at 70 % with 90 uL of their usual culture medium without
antibiotics. 24 hours after transfection, the cells were lysed using a passive lysis buffer,
and luciferase/renilla signals ratios were measured using the dual-reporter luciferase assay
reagents from Promega. 30 uL of passive lysis buffer was added directly into the wells to
lyse the cells and 20 uL from each well were used for signal detection using a Varioskan

Flash luminometer (Thermo Fisher).

(a)
Neg miRNA
Negative Control ARITNARRRRRARRARNRRRRTnAnin
Target gene 3’UTR Firefly reporter
(miRNA seed sequence)
(b)
mir-582 or 193b
TTTTTTTTTITITT ¢ NO Light
miRNA of interest TTTRRRRERRRERRRTRRRIRATATIn
Target gene 3'UTR Firefly reporter

(miRNA seed sequence)

%‘ Mismatch

Target gene 3'UTR Firefly reporter
(mutated seed sequence)

(c)

Mutagenesis

Figure 2.5: Mechanism of the dual-reporter luciferase assay

(a) When cells are transfected with a Negative control miRNA, it can not recognize the miRNA
seed sequence so does not inhibit the expression of the firefly reporter. (b) When the cells are
transfected with our miRNA of interested, its binding to its seed sequence will inhibit the firefly
reporter activity and induce a drop in the fluorescence levels. (c) Mutating four or more bases of
the 3’UTR predicted seed sequence induces a mismatch and an incomplete or absent binding of
the miRNA to this seed sequence. The fluorescent signal then reaches back or gets close to its
initial levels.
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2.13 Transfection of cells with small RNAs (siRNAs and miRNASs)

MirVana mir-193b-3p inhibitor and mir-582-5p inhibitor were purchased from Thermo
Fisher. ON-TARGETplus human PI/K3R1 siRNA SMARTPool and ON-TARGET plus
Non-targeting siRNA were purchased from GE Dharmacon (Lafayette, USA) and recon-
stituted in ddH,O. HEK?293, UCL93, Ox161cl and SKIO01 cells were trypsinised after
having reached confluence in a 75 cm? flask and resuspended in 15 mL of their respect-
ive culture medium. For each condition, 150 uL of OptiMEM were mixed with 7 uL of
Lipofectamine RNAiMax reagent (Thermo Fisher) and 5 uL of miRNA or siRNA at 20
uM for 5 min. 2 mL of the resuspended cells per well were then added in 6-well plates
and the OptiMEM + small RNA + RNAiMax mix added drop by drop directly on the
cells. The medium was changed after 24 hours and the cells cultured for 72 hours before

RNA or proteins extraction and further experiments.

2.14 MTS proliferation assay

Ox161 and UCL93 cells were plated at 10,000 cells/well in a 96-wells plate in their regu-
lar medium. They were transfected the day after with an RNAiMax + miRNA mix. For 5
wells, 50 uL of OptiMEM medium were mixed with 1.5 pL. of RNAiMax reagent and 1.25
uL of Negative control miRNA, mir-193b mimic or mir-582 mimic miRNAs at 20 uM (50
nM final). After a 15 minutes incubation 10 pL of the mix was added to each well directly
on the cells in 90 pL of regular medium without antibiotics. 48h after transfection, 20
uL/well of Solution Reagent from the “CellTiter96 Aqueous One Solution Cell Prolifer-
ation assay” kit (Promega) were added directly in the wells. After 3 hours of incubation

the absorbance of the wells was measured at 492 nm.

2.15 Extraction of proteins from cells and BSA dosage

After removal of the culture medium, the cells were washed with 1 mL of PBS and re-
covered by pipetting up and down or scrapping. After centrifugation 2 min at 1,000 g,
the cells were resuspended in 50 uL of protease inhibitor 1x (Sigma Aldrich) and phos-
phatase inhibitor (Roche, Basel, Switzerland) in IP buffer, left on ice for 30 min with

vortexing every 10 min and finally spinned down for 5 min at 13,000g.
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The proteins extracted from our cells were dosed using the DC Protein assay kit from

BioRad. The standards were prepared as indicated in Table 2.25:

Table 2.25: Standards for dosage of proteins

CO‘(‘ZZ‘/‘SE;“’“ BSA (uL) | TP Buffer (uL)

0 0 50
02 7.1 429
0.4 143 35.7
0.6 214 284
0.8 28.4 214
1.0 357 143
12 4.9 7.1
1.4 50 0

The A* reagent was prepared by mixing 1 mL of A reagent with 20 uL of S reagent. 5
uL of standard or sample were added to 25 uL of A* reagent and 200 uLL B reagent. The
absorbance was measured at 750 nm after 15 min at room temperature, and the samples

concentrations were calculated from the standard curve.

2.16 Western blotting

After measuring the proteins concentrations in the samples, the proteins samples were
mixed 1:1 with Laemmli buffer containing 10 % of -mercaptoethanol and incubated
for 30 min at 37 °C in order to lightly denaturate the proteins. Homogeneous amounts
of proteins were loaded on sodium dodecyl sulfate — polyacrylamide 7 % to 15 % gels
(composition indicated in Table 2.1). The samples were run for around 1h30 at 100-120
V in running buffer. The proteins were then transferred to PVDF membranes previously
activated in methanol baths, using the wet transfer protocol and buffer for 1 hour at 100

V. Basically, the system was as follows:
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Figure 2.6: Diagram of Western blot wet transfer

After a 1 hour saturation step in milk 10 % or Bovine Serum Albumin 5 % in TBST,
the membranes were incubated at 4 °C overnight with the primary antibodies listed in
Table 2.9 at the indicated concentrations in milk 5 %-TBST or BSA 5 %-TBST. The
membranes were washed three times 10 min with TBST and stained with species-specific
secondary antibodies coupled with HRP. The proteins were revealed with ECL reagents
(BioRad), read with a Chemidoc XRS device (BioRad) and analysed with the ImageLab
5.1 software (BioRad).

2.17 Bacteria transformation and plasmid amplification

JM109 competent bacteria (E.coli) stored at -80 °C were slowly thawed on ice. 50 uL.
were incubated at 4 °C for 30 min with 1.5-3 uL of the desired plasmid, then heat-shocked
in a 42 °C water bath and kept on ice for 2-3 min in order to let the membrane close. 250
uL of SOC medium was added and the bacteria were incubated at 37 °C for 1h 30 under
shaking and were plated on Luria agar — 100 pg/mL ampicillin Petri dishes. Some of
the colonies present on the plate after an overnight incubation were inoculated in sterile
LB broth — 100 mg/mL ampicillin and incubated overnight at 37 °C under shaking. The
inoculated medium was centrifuged at 4,700 g for 10 min. The DNA was then extracted
using the E.Z.N.A. Plasmid mini kit from Omega Bio-tek and the samples concentrations

were measured using a Nanodrop spectrophotometer.
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2.18 Extraction of genomic DNA and genotyping

2.18.1 Cultured human cells

The cells were scrapped and centrifuged at 1,500 g for 5 min. The medium was then
removed and the cells incubated in 50 uL of lysis buffer for 10 min at 95 °C. The solution
was left to cool down then proteinase K was added at 1 mg/mL final concentration and
the mix was incubated at 56 °C for 30 min. The proteinase K was then inactivated by

incubating the tube at 95 °C for 10 min.
2.18.2 Male and female control volunteers

Mouth swabs were taken from a male and a female adult volunteers by rubbing the swab
for 15 sec on both inner cheeks. The swabs were then placed inside a 15 mL Falcon tube
and incubated overnight at 56 °C in 1 mL of lysis buffer/proteinase K (1 mg/mL) mix.
The swab was removed from the tube on the following day and proteinase K inactivated

by incubating the solution for 20 min at 95 °C.

The concentrations of the samples from cells and volunteers were then measured using
a Nanodrop and the PCR reaction mix was prepared as follows: 5 uL of 5x Green Taq
buffer (Promega), 0.5 uL of PCR Nucleotide Mix (10 mM), 0.5 uL of each primer at 10
uM, 0.2 uL. of GoTaq polymerase enzyme (Promega), 250 ng of gDNA and ddH;O gs.
25 uL. Table 2.26 indicates the following amplification cycle:

Table 2.26: Cycle for genotyping from gDNA

Temperature | Time | Repeats
95 °C 2 min
95 °C 30 sec
55°C 30 sec x38

72 °C 1 min
72 °C 2 min
4 °C oo
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2.19 3-Dimensional cyst assay

Depending on experimental conditions, Ox161cl cells were either not transfected or
transfected with Negative control siRNA or with ANOI siRNA or PIK3RI siRNA or
mir-582-5p mimic at 50 nM in a 6-well plate the day before plating (see above). After
trypsinisation and resuspension in their usual culture medium at 2.0.10° cells/mL, 10 uL
of cells were mixed to 90 uL of Matrigel Matrix (Corning) per well and plated in a 96-
well plate. This reagent solidifying quickly at room temperature, all steps were carried
out on ice and using cold material. As a result, 10,000 cells were plated per well. The
culture medium was added 30 min after plating and changed every other day. For the in-
hibitor conditions, tannic acid (Sigma Aldrich), CaCCinh-A0O1 (AO1, Sigma Aldrich) or
LY294002 (Tocris, Bristol, UK) were added at 10 uM, 20 uM or 100 uM respectively on
the first day of culture. DMSO was used at the same concentration as the highest DMSO-
concentrated condition, i.e. 0.02 %. When needed, IGF-1 treatment was started 24 hrs
after plating.

For the ANO1 assay, the cells were cultured in medium containing forskolin at 50 uM to
induce an enlargement of cysts important enough to be able to see a reduction in cysts
area. Furthermore, as the cells for each condition (not transfected, Negative control, anti-
ANOI siRNA, mir-582 mimic) were resuspended and plated independently, inducing an
unavoidable variability in their seeding density, the cysts size was measured at three dif-
ferent time points and expressed as percentages of the areas at the first time point.

For the PIK3RI assay, for the same reasons mentioned above, the variability induced by
seeding density was limited by adding a non-IGF-1-treatment control for each of the con-
ditions in order to avoid seeing effects due to variability in the cells confluency.

Imaging was performed using an Olympus IX71 inverted microscope. Between 57 and
179 cysts were randomly taken in pictures across 1 well (optimisation experiment) or 3
wells in order to cover the widest variety of sizes and avoid bias. The area of each cyst

was then measured using the Image J software.
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2.20 Treatment of cells with steroids

To study the effects of phenol red present in the classic DMEM F-12 culture medium used
for our human cell lines, RFH, UCL93, Ox161c1 and SKIO01 were washed and cultured
in phenol-red free medium for 10 days before being plated in 6-well plates and harvested
for miRNA assays four days later. From then they were continuously kept in this phenol
red-free medium all along the steroid treatments experiments.

Dihydrotestosterone (DHT) and fB-estradiol (E2) were purchased from Sigma Aldrich
and resuspended in DMSO at 10 mM. UCL93 and SKIOO1 were plated in 6-well plates
at 250,000 cells/well and were treated with DHT or E2 at 20 nM or 100 nM for 4 days,
with a medium change every day for 4 days. DMSO was diluted similarly to the most
concentrated steroid and added to the cells as a control condition of the effects of this

compound.

2.21 Activation of AKt/ERK pathways using IGF-1 treatment on cells

UCL93 and SKIO01 were plated at 250,000 cells/well in 6-well plates, the SKIOO01 having
been transfected or not with siRNAs depending on the experiment. 24 hrs after plating,
the cells were starved for 48 hrs in a medium lacking Nu serum to achieve synchronisa-
tion between the wells. IGF-1, purchased from Abcam, was resuspended at 1 mg/mL in
ddH,O and stored at -20 °C. 3 days after plating and starving, IGF-1 was added to the
well at 50 pug/mL at different time points: 1 hour, 30 min, 15 min, and 5 min (for the first
experiment) or 15 min (for the experiment with anti-PIK3R1 siRNA experiment). All
the wells were harvested at the same time, followed by a proteins extraction, dosage and

Western blotting.

2.22 Treatment of cells with actinomycin D

Actinomycin D was purchased from Sigma-Aldrich and resuspended at 4 mg/mL in
DMSO. RFH and Ox161c1 were plated at 250,000 cells/well in 6-well plates and treated
with actinomycin D at 5 ng/uL for 24 hrs, 12 hrs, 6 hrs, 3 hrs and 1 hr. All wells were

harvested at the same time and miRNAs extracted for subsequent miRNAs qPCR.
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2.23 Immunohistochemistry on human and mouse Kidney tissues

The kidneys were fixed in paraffin and sectioned using a microtome. The slides with
the kidney sections were stored at room temperature until use. After two dewaxing steps
in xylene for 5 minutes each, they were rehydrated by series of 2 minutes-long ethanol
baths at 99 % (twice), 95 % and 70 %, followed by a wash in dH,O for 5 minutes. The
endogenous peroxydase activity was then quenched using H,O;, 3 % in methanol for 20
min, followed by a wash in dH,O for 2 min. The antigen retrieval step was carried out
next by bringing slides to the boil in 10 mM tri-sodium citrate (pH 6.0) and cooling them
down in a bath of cold water or ice. After rinsing the slides in PBS or TBST, each section
was blocked using horse serum (ImmPress Kit from Vector Labs, Burlingame, USA) 2.5
% or goat serum (Vector Labs) 5 % in PBS for 1 hour at room temperature. The primary
antibody diluted in horse or goat serum at indicated concentrations (see Table 2.9 above)
in PBS, as well as the control IgG of the relevant species diluted at the same concentration,
were then applied on the sections and the slides were left for at least 1 hour at 4 °C in
a humidified chamber. After three washes with PBS or TBST, the secondary antibodies
were added to the slides for 30 min at room temperature. The slides were again washed
three times with PBS or TBST and then stained with a few drops of DAB (Cell Signaling
Technology, Danvers, USA) until colour developed to the desired intensity (typically 1 to
10 minutes). The colour development reaction was stopped by immersing the slides in
dH,O. Counter-staining was then performed using hematoxylin for 30 sec. The sections
were then rinsed in dH,O and placed in Scott’s water to stabilize the colour. After another
wash in dH; O, the slides were dehydrated by 1 minute-long baths of ethanol at increasing
concentrations (70 %, 95 % and two times 99 %) and xylene. Finally, the sections were
mounted with coverslips using mounting medium (Consul Mount from Thermo Fisher)

and let to set before imaging.
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2.24 Statistical analyses

The GraphPad Prism 7.0 software package was used for all statistical analyses. Variables
were presented as mean +/- SEM and differences between groups calculated with un-
paired Student’s two-tailed t-test or with Mann-Whitney test with the relevant corrections

if needed, p<0.05 being considered statistically significant.

2.25 Copyright

Figures 1.10, 1.11, 1.12, 3.35,4.2, 4.3, 4.24, 5.14 and 5.15 were drawn using free-to-reuse
individual elements from Servier Medical Art under Creative Common CC-BY 3.0 and
CC-BY 4.0 licenses, in combination with components designed by me for the purpose of
this thesis. Figures issued from published papers were reused with permission from the

publisher, as indicated.
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3.1 Introduction

The first goal of this project was to identify relevant targets for two miRNAs selected
from a dataset generated from an earlier parallel mRNA/miRNA microarray performed in
our laboratory on normal and cystic human kidney cell lines (Andrew Streets, University
of Sheffield).

Microarrays, first introduced in the 1990s, are among the most widely used tech-
niques to measure the abundance of transcripts in biological samples, alongside the more
recently developed next generation RNA sequencing (RNA-seq). The principle of mRNA
(or miRNA) arrays is as follows: total RNA (minimum 200 ng, Stefano (2014)) is isol-
ated from biological samples, mRNA purified from other RNAs and reverse transcription
performed for around 16 hours to generate complementary DNA (cDNA) (ThermoFisher,
2017). T7 RNA polymerase then amplifies cDNA via the intermediary of cRNA strands,
and this cDNA is subsequently purified and labelled with a fluorescent probe (or, rarely, a
radioactive probe), typically of two or more different colours to differentiate the reference
from experimental samples (Nature Education, 2017; ’t Hoen, 2003). The purification
and labelling of the cDNA takes between 4 and 6 hours (ThermoFisher, 2017; Stefano,
2014). The labelled cDNA is then hybridized on a microchip formed of thousands of
spots, each containing unique DNA sequences corresponding to a specific gene and will
form hydrogen bonds with complementary bases on these sequences (University of Utah,
2017). After an overnight incubation, the non-specific bonds will be washed off using

detergents and the chip scanned following excitation of the fluorescent dye by a laser.

Sample extraction Retro-transcription cDNA purification and P Scanning,
o i i . Hybridisation on the Lo
and purification from into cDNA and labelling with ) ) normalisation
- microchip and washes
a

cells or tissue mplification via cRN fluorescent probe and analysis

16 hours 4-6 hours overnight

Figure 3.1: Workflow of microarray experiments.

The colour and the intensity of the fluorescence will give information on which DNA
sequences were hybridised (hence which genes were expressed in the sample) and which
sample expresses it the most. The statistical test used to analyse microarray data is a
Student’s t-test and it is estimated that microarrays are very accurate for fold changes

above 2 (Marioni et al., 2008; Stefano, 2014).
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Analysis of microarrays data is simple and does not require the support of a specialised
bioinformatician, and a raw data file from a typical microarray takes little storage space
(about 0.7 MB for an Agilent microarray file, (Stefano, 2014)).

Next-generation sequencing technologies were introduced about 10 years ago and

have been constantly improved since. They allow the study of differential gene expres-
sion over a wider range than microarrays as they are not limited to the probes designed for
the chip, and hence are able to discover new genes from incompletely or non-sequenced
genomes. Moreover, they have the ability to identify alternative splice variations, single
nucleotide polymorphisms (SNPs) and post-transcriptional modifications (Hurd and Nel-
son, 2009) and are more sensitive than microarrays as they require less sample and can
detect low abundance transcripts (Marioni et al., 2008; Sirbu et al., 2012).
The protocol for RNA sequencing varies across platforms but is generally as follows:
RNA is extracted from tissues and purified using DNase digestion to remove traces of
genomic DNA. Its purity and quantity are essential factors for the functioning of the se-
quencing and are checked by capillary and/or gel electrophoresis for the former and by
UV absorbance or fluorometry for the latter (New England Biolabs, 2017; University of
Oregon, 2017). As little as 10 pg of RNA sample can be sufficient to perform an RNA-seq
experiment (Stefano, 2014). Additionally, mRNA is separated from other RNAs by hy-
bridisation with poly(dT) oligomers via their poly(A) tail (New England Biolabs, 2017).
In the specific case of miRNAs the selection is based on size via magnetic beads or separ-
ating gel and a 3’ and 5’ adapter ligation step occurs prior to retrotranscription (Eminaga
et al., 2013). Fragmentation of the nucleic acids by sonication, enzymatic digestion or
nebulisation will result in the production of fragments of appropriate size for sequencing
(ranging from 40 to 400 bp depending on the platform, New England Biolabs, 2017; Syed
et al., 2009) and is followed by a retrotranscription of the RNA into single strand cDNA
and the production of double stranded cDNA using DNA polymerase (Zhu et al., 2001).
Finally adaptor sequences, acting either as attachment or amplification elements, as se-
quencing priming sites or as “barcodes’ allowing multiplex sequencing, are ligated to the
fragmented cDNA via RT-PCR or ligation which is then ready for sequencing (Head et al.,
2014; University of Oregon, 2017).
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All these steps of library construction take about 4 hours which is similar to the microar-

ray protocol (Stefano, 2014).

(a)
Sample extraction - ) Retro-transcription Formation of Lisati Scanning,
and purification from rafn:\en;:t:)n into single-stranded double-stranded Igdatlon b quality control
cells or tissue B cDNA cDNA adaptors and analysis
\ J
4-6 hours
(b)
Sequence TGACTCGAATC .
De Bruijn graph
TGAC
GACT
ACTC ~ |TGAC|—+|GACT |-+ ACTC |+ CTCG|—
CTCG ' |
TCGA » TCGA |—» CGAA|—» GAAT|—» AATC|

_ CGAA
All possible 4-mers GAAT

from RNA-seq reads AATC

Figure 3.2: Principle of RNA-seq experiments.
(a) Workflow of RNA-seq experiments. (b) Simplified representation of the use of Bruijn graphs
and k-mers for RNA-seq

The analysis of RNA-seq data is very complex and involves multiple steps that vary
depending on the sequencing platform. These steps can be a grouping of the sequences
according to their barcode, a removal of the adaptors, a selection of selecting reads free
from sequencing errors and a normalisation of reads based on their k-mer coverage (k-mer
are all the typical DNA substrings of length k often represented by De Bruijn graphs, see
Figure 3.2b) (Brown et al., 2012; University of Oregon, 2017). Next-generation sequen-
cing datasets allow to either align the reads to a reference genome in order to identify
the genes expressed in the sample or to assemble a transcriptome de novo by aligning
the common sequences of the fragmented cDNAs and building de Bruijn graphs (Chang
et al., 2015; Compeau et al., 2011). RNA-seq is more sensitive than microarray as it can
accurately detect fold changes of 1.25, and statistical analyses are typically performed
using Fisher exact test (Stefano, 2014). However, the datasets it generates are heavy (~5
GB for an uncompressed raw file, Stefano, 2014) and the high complexity of their ana-
lysis requires specific training and the input of bioinformaticians knowledgeable in this

particular field.
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As a summary, while RNA-seq allows the generation of larger datasets thanks to a
broader dynamic range and tends to be more accurate and sensitive than microarrays, the
latter are still commonly used in practice as they are more straight forward to perform and
analyse, remain more economic ($300 per sample vs. $1,000, Stefano (2014)) and their

data is less challenging to store than the large RNA-seq datasets.

3.2 Preliminary work: constitution of a new database based on a

parallel mRNA/miRNA array from human ADPKD cells

The results presented in this section were generated by Andrew J. Streets before the start
of this project. This project is based on the data generated from an initial pilot study in our
laboratory and aims at validating its results and taking it further. This preliminary work
consisted in validating two dysregulated miRNAs from mRNA/miRNA microarrays and
establishing a list of their predicted target genes that were enriched in ADPKD compared
to normal. In order to constitute a new database of dysregulated miRNAs/mRNAs in
ADPKD, 4 cystic (Ox161, Ox938, SKI001 and SKI002) and 2 normal (UCL93 and RFH)
cell lines were cultured and synchronised in order to obtain mRNA and miRNAs and
perform microarray analyses. Figure 3.3 summarises this experiment. 1,515 genes and
30 pathways were significantly dysregulated from the mRNA array and 11 miRNAs were
significantly altered in the miRNA array. A list of 482 altered genes could be established

by comparing the results of the mRNA and microRNA arrays.
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(a)

Significantly
s

mRNA array altered genes
=1515

2 normal and 4
cystic cell lines

Nicre, o Significa.ntly
0”0y5 altered miRNAs
=11
(b)
Analyzed List: Up-regulated genes > 2 fold
PANTHER Pathways Fold Enrichment | P-value
FGF signaling pathway (P00021) 4.17 1.67E-03
Gonadotropin releasing hormone receptor pathway (P06664) 293 4.17e-03
Alpha adrenergic rece ptor signaling pathway (P00002) >5 5.09€-03
Histamine H1 receptor mediated signaling pathway (P04385) >5 7.64E-03
EGF receptor signaling pathway (P0OD018) 3.38 9.46E-03
MYQ_signaling_pathway (P06215) >5 1.36E-02
GBB_signaling_pathway (P06214) >5 1.36E-02
Activinbetasignaling_pathway (P06210) >5 1.36E-02
ALP23B_signaling_pathway (P06209) >5 1.36E-02
Angiogenesis (PO0005) 2.86 2.01€-02
Apoptosis signaling pathway (P00006) 3.19 2.17€-02
Oxytocin receptor mediated signaling pathway (P04391) 5 2,30€-02
Thyrotropin-releasing hormone receptor signaling pathway (P04394) 4,78 2.58E-02
SCW_signaling_pathway (P06216) >5 2.69E-02
DPP_signaling_pathway (P06213) >5 2.69E-02
DPP-SCW_signaling_pathway (P06212) >5 2.69€-02
BMP_signaling_pathway-drosophila (P06211) >5 2.69€-02
Wt signaling pathway (P00057) 213 2.75E-02
CCKR signaling map (P06959) 26 2.97€-02
5HT2 type receptor mediated signaling pathway (P04374) 431 3.34€-02
Thiamine metabolism (P02780) >5 4.01E-02
Toll receptor signaling pathway (P00054) 3.93 4.22€-02
Analyzed List: Down-regulated genes > 2 fold

PANTHER Pathways Fold Enrichment | P-value
Heterotrimeric G-protein signaling pathway-Gi alpha and Gs alpha mediated pathway (P00026) 2 9.84E-03
Heterotrimeric G-protein signaling pathway-Gq alpha and Go alpha mediated pathway (P00027) 211 1.07€-02
lonotropic glutamate rece ptor pathway (POD037) 257 1.44E-02
Enkephalin release (P05913) 3.66 2.51E-02
Cadherin signaling pathway (P00012) 172 2.76E-02
Nicotine pharmacodynamics pathway (P06587) 277 3.65E-02
Metabotropic glutamate receptor group || pathway (P00040) 2.69 4.06E-02
Heterotrimeric G-protein signaling pathway-rod outer segment phototransduction (P00028) 2.69 4.06E-02

Figure 3.3: Parallel mRNA/miRNA summary.

(a) Diagram of the parallel mMRNA/miRNA microarray. (b) PANTHER gene list analysis software
(www.pantherdb.org) gave a list of enriched pathways from the 1,515 genes found up or down-
regulated at least 2-fold in ADPKD cells compared to normal. Published in Streets et al. (2017).

As presented in Figure 3.4a, 11 miRNAs were down-regulated in ADPKD cells compared

to normal, while 1 (mir-196a-5p) was found up-regulated from the microarray.
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To validate these results, the expression levels of the 5 most dysregulated miRNAs
(mir-582-5p, mir-335-5p, mir-660-5p, mir-181a-2-3p and mir-193b-3p) were assessed by
TagMan (sq) RT-PCR. Consistently with microarray results, two of these miRNAs were
significantly decreased in cystic cell lines; mir-193b-5p with a 0.5 fold change and mir-

582-5p with a 0.8 fold change (Figure 3.4b).

(a)

Regulation Fold

temati -val
Systematic Name | p-value (C/N) Change

hsa-mir-582-5p 1.59E-04 Down 51
hsa-mir-335-5p 0.016439 Down 50
hsa-mir-660-5p 6.42E-06 Down 14

hsa-mir-181a-2-3p | 0.035598 Down
hsa-mir-193b-3p 0.041946 Down

hsa-mir-196a-5p 0.035520 Up
hsa-mir-210 0.035822 Down 1.8
hsa-mir-27a 0.012968 Down 1.5
hsa-mir-15b 0.018344 Down 1.5
hsa-mir-16 0.024463 Down 1.4
hsa-mir-30d 0.041664 Down 1.4
(b) Figure 3.4: MiRNAs identified by microarray.

(a) 10 miRNAs were found down-regulated and 1
up-regulated in cystic cells compared to normal.
i | :’ ;g“;r;é (yellow: miRNAs measured by TagMan (sq) RT-

PCR, red: miRNAs confirmed down-regulated
in ADPKD cells) (b) mir193b-3p and mir-582-

Tagman qPCR validation

=
(=]
!

microRNA expression
(fold change)

] Sp were confirmed down-regulated in ADPKD
* cells by TagMan (sq) RT-PCR. Values presented
00 . ._ as fold change of normal cells.
mir193b-3p mir582-5p *0.05 > p > 0.01 (Unpaired t-test)]

The next step in the analysis of the microarray results was to establish a list of mir-
193b and mir-582 predicted target genes dysregulated in ADPKD. This was done by
matching the results of the mRNAs and miRNAs arrays and predicting target genes for

these two miRNAs by TargetScan.
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Figure 3.5 presents the predicted target genes of mir-193b-3p (Figure 3.5a) and mir-
582-5p (Figure 3.5b) that were increased by a fold change of at least 4 in ADPKD cells

compared to normal.
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Figure 3.5: Predicted target genes for mir-193b-3p and mir-582-5p also found up-regulated

>4-fold in ADPKD cells.

(a) mir-193b-3p and (b) mir-582-5p predicted and deregulated target genes were determined by
matching the results of the mRNAs and miRNAs microarray with in silico predictions from Tar-
getScan. Values are presented as fold change compared to normal cells.

For mir-193b-3p, 14 genes were significantly up-regulated at least 4 times in ADPKD
compared to normal, the highest fold changes being CALBI, ERBB4 and MYCN (67.3,
41.0 and 24.2 respectively). For mir-582-5p, 19 genes showed at least a 4-fold increase in
cystic cells, the most up-regulated being JPHI, CLIC5 and ID4 with fold change values

at 16.8, 15.1 and 13.8 respectively.
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The following section describes work performed for the ERBB4-related paper published
in AJP Renal Physiol in April 2017 and, unless stated otherwise, my contribution to this

paper (Streets et al., 2017).

3.3 [ERBB4 is a determinant of cyst growth in ADPKD

ERBB4 (fold-change 41 in the microarray, potentially regulated by mir-193b-3p) was the
first candidate selected from the list of genes established previously with parallel microar-
rays and qPCR validation because this gene was previously linked to the Jak/STAT path-
way (Olayioye et al., 1999) and its over-expression was shown to cause increased prolif-
eration and disruption of cell polarity in in vitro and in vivo kidney models (Veikkolainen
et al., 2012).

First of all, the deregulation of ERBB4 was validated in two independent batches of two
normal (RFH and UCL93) and four cystic (Ox161, SKI001, Ox938 and SKI002) human

kidney cells to confirm the results of the microarray (see Figure 3.6).

Figure 3.6: Real-time PCR for the relative
ERBB4 in Human cells expression of ErbB4 in normal and ADPKD

10- . human cells.

ErbB4 mRNA levels were measured in two

independent batches of two normal (RFH,
64 UCL93) and four cystic (Ox161, SKIOO0I1,
0x938, SKI1002) ADPKD human cells.
The values are represented as fold changes com-
2] pared to the two normal cell lines.

0 . | ¥k p <0.0001 (Unpaired t-test with Welch’s
WT Cystic

Fold Change

correction).

NB: The figure presented here is different from its equivalent in the reference paper (Fig-
ure 3A) as the former was performed by me and the latter was performed by A. Streets.
However, the results are similar i.e. they show a significant increase of ERBB4 expression
in human ADPKD cells.

ErbB4 was significantly up-regulated in the cystic cells by a fold change of 7.8 com-
pared to normal. This increase was consistent between batches and cystic cell lines. Be-
cause mir-193b-3p was found significantly down-regulated in the same cells (Figure 3.5a)
and ErbB4 is a predicted target for this miRNA, dual-reporter luciferase assays aimed at

confirming this interaction.
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One of the potential mir-193b seed sequences on ErbB4 3° UTR (see Figure 3.7b) was
identified, amplified from HEK cells RNA and cloned into a pmirGLO vector containing
a firefly luciferase and a renilla reporters (see Figure 2.1).

Figure 2.5 in the Materials and Methods chapter explains the principle of the dual-reporter
luciferase reporter assay: when no miRNA is interacting with the ErbB4 3’UTR sequence
either because of an absence of miRNA or the transfection of a Negative miRNA, the
firefly luciferase reporter can be expressed which leads to the emission of a light signal.
On the contrary, when the transfected miRNA can bind its seed sequence the firefly luci-
ferase reporter is not expressed and no light signal can be measured. Renilla being coded
upstream from the MCS, it will always be expressed and will be used as a control of the
efficiency of transfection.

Figure 3.7 presents the seed sequence and results from algorithms predictions for the
interaction between mir-193b-3p and ErbB4. Seven algorithms (mirRWalk, miRanda,
miRDB, miRMap, Pictar2, RNAhybrid and TargetScan) predicted ErbB4 as a target for
mir-193b-3p (Figure 3.7a). From Figure 3.7c, we can see that transfecting HEK293 with
the pmirGLO-ErbB4 vector and mir-193b-3p mimic at 20 nM and 50 nM induced a
strong and significant reduction of fluorescent signal to levels below 50 % of the Neg-
ative miRNA-control condition. Inserting three mutations in the gene’s 3’UTR sequence
induced an inhibition of this effect to get back to normal levels of fluorescence, suggest-
ing that the reduction of fluorescent signal was specifically due to an interaction between
mir-193b-3p and ErbB4. This was the first evidence that mir-193b-3p targets this gene’s
mRNA.

102



Laura Vergoz Chapter 3. Results

(a)
MiRNA binding sites prediction Algorithms
o s | e
=l=|8 gJD 2 8|~ ~N | =D
. g'a’é.g‘égg;q.ug;s
Gene EntrezIDmlRNA,‘bgsggzt;'i‘z!_:wp
t|E|E|=|E|E|&B|2 AEIR
£ E g(F
ErbB4 hsa-miR-
2066 1 i1j0j1j1j0j1|j0|0O0|21|1}7
(Human) 193b-3p
(©
- 150 - hll
= *kk
==
c £
(b) > £ 100
0 o
g2
3' ucgcccugaaacdUCCCGGUCAa 5' hsa-miR-193b 'E I~
[IERNANN 35 504
77:5"' uccuucuaccccAAGGCLCAG 3' ERBB4 1
ARGGCEAGA €
¥ 0
pmerLO ErbB4 pmerLO mErbB4
negative miRNA 20nM - -
negative miRNA S0 nkd - + - - - + -
mir-193hk-3p mimic 20 nh - - + - - - + -
mir-193h-3p mimic 50 nh - - - + - - - +

Figure 3.7: ErbB4/mir-193b-3p interaction.

(a) Results from mirWalk 2.0 multiple databases prediction for mir-193b-3p/ErbB4 interaction
in human and mouse. (b) Predicted seed sequence of mir-193b-3p on ErbB4 3’UTR (source:
www.microrna.org). Yellow: seed sequence of mir-193b-3p on ErbB4 3° UTR sequence. Red:
three mutated bases for dual-reporter luciferase assay with mutants. (c) Dual-reporter luciferase
assays (n=3) intensity of fluorescence values represented as percentage of control condition (Neg-
ative miRNA-transfected cells) with WT (left) and mutant (right) PIK3R1 3’UTR sequence at 20
and 50 nM miRNA concentration (Published as figure 3D in Streets et al. (2017)).

A. Streets then performed immunohistochemistry and immunoblots stainings in hu-
man cells and two models of ADPKD mice and confirmed that the ErbB4 protein is over-
expressed in ADPKD kidneys in these models. T. Magayr performed immunoblotting
and (sq) RT-PCR on urine samples from healthy volunteers and ADPKD patients and
also showed an increased expression of ErbB4 in ADPKD patients, significantly correl-
ating with the decline in eGFR. Finally, A. Streets demonstrated that ErbB4 is involved
in ADPKD cells proliferation using 3D cysts assays and BrdU proliferation assays and
gave evidences that its action is mediated by its ligands NRG-1 (Neuregulin 1) and EGF
(Epidermal Growth Factor). Indeed, inhibition of ErtbB4 with a molecule inhibitor or an

antibody led to a significantly reduced proliferation of cystic cells.
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Furthermore, treatment of normal and cystic cells with NRG-1 or EGF induced a higher
phosphorylation of ErbB4 in Ox161c1 (cystic) than in UCL93 (normal) and led to a sig-
nificantly higher cyst growth of Ox161c1 in Matrigel compared to the untreated condition
(Streets et al., 2017).

Our ErbB4-centered paper presented a successful example of a candidate identified
and selected from the parallel mRNA/miRNA microarray. The aim of the following ex-
periments was to find one or several other candidates and understand their link to miRNAs
and their role in ADPKD pathogenesis. All the experiments presented in the rest of this

PhD thesis were performed by myself.

3.4 Identification of new candidates from the parallel mRNA/miRNA

microarray

3.4.1 Selection, screening and validation of the most consistently enriched targets

in ADPKD cells and their interaction with our miRNASs of interest

PANTHER classification system analysis To discover new targets of the two validated
miRNAs (mir-193b-3p and mir-582-5p), it was decided to go for a pathways/network
analysis approach that classified the candidates by biological process. An in silico ana-
lysis using the PANTHER programme (available at www.pantherdb.org) was performed
to determine common biological processes between the genes that were previously found

significantly enriched at least 4-fold in ADPKD (see Figure 3.5).
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(a) mir-193b-3p targets

Biological Regulation
(G0:0065007)
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(b) mir-582-5p targets
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Figure 3.8: PANTHER enrichment analysis results for mir-193b-3p and mir-582-5p up-
regulated targets.

Gene Ontology Biological Processes that could be affected by the predicted targets for mir-193b-
3p and mir-582-5p and found enriched >4-fold in human ADPKD cells from the microarray. The
list of genes was entered into the PANTHER classification system (www.pantherdb.org) and a
grouping by GO biological processes was requested. The genes involved in each category are
displayed on the chart along with the number of potential seed sequences for (a) mir-193b-3p or
(b) mir-582-5p (in brackets).
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The results of the PANTHER software analysis presented in Figure 3.8 show that a
decreased level of mir-193b-3p or mir-582-5p leading to an enrichment of their potential
genes targets could affect 7 and 8 Gene Ontology Biological Processes, respectively. In
particular, “cellular process” (orange section) is described by Gene Ontology as including
cell communication, cell cycle and cell proliferation, processes of major importance in
cell physiology and important factors of cysts progression in ADPKD. This process being
the most highly represented in the analysis results (six genes for mir-193b-3p and nine
for mir-582-5p), these candidates were the first to be selected for (sq) RT-PCR validation
in our human cell lines. Some of the targets involved in this process were also found in
other enriched processes. For example, CALBI and SYT1 for mir-193b-3p (Figure 3.8a)
were members of the biological regulation process and CLICS5 for mir-582-5p (Figure
3.8b) was involved in the metabolic process. This was interesting as it suggested that if
these targets were to be confirmed enriched in ADPKD, they would give insights into the
dysregulation of several pathways or processes in the disease. Other processes identified

in ADPKD were the “metabolic process”, "localization” or “adhesion”, for example.

SYBR Green (sq) RT-PCR screen of selected candidates Following this study,
twenty-two candidates were selected; nineteen that were mentioned in the enriched pro-
cesses shown in Figure 3.8 (7 for mir-193b-3p and 12 for mir-582-5p) and three (JPHI,
NPR3 and RGCC) that, although not part of the enriched processes listed by PANTHER,
showed a high fold change in human ADPKD cells in the mRNA microarray so were
deemed interesting to validate. The expression levels of these 22 genes’” mRNA were
measured in two normal and four cystic human ADPKD cell lines by SYBR Green (sq)
RT-PCR. Out of these candidates, nine (CALBI, CLIC5, PKP2, ILIRAP, SYTI, JPHI,
ENPP4, DOCK4, ITGBS) showed an increase in ADPKD cells and were selected to be
validated in a second independent batch of cells. For more clarity, I am only presenting
the results of the two (sq) RT-PCR for these nine gene’s expression levels in human cells

(the other genes not taken through are listed in the summary Table 3.2).
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<—Figure 3.9: (sq) RT-PCR for the relative expression of nine candidates
selected from the parallel miRNA/mRNA microarray between normal and cystic
ADPKD human cells.
Values are expressed as fold change of the levels in normal cells (UCL93 and RFH). Nine
genes out of twenty-two were selected from the first (sq) RT-PCR screen on two normal
(RFH, UCL93) and four cystic (Ox161, SKIO01, Ox938 and SKI002) human cell lines
because they were up-regulated in ADPKD compared to normal (Top panels: a, c, e, g, 1,
k, m, o, q). A second (sq) RT-PCR was performed on another independent batch of cells
to confirm their deregulation in ADPKD (Bottom panels: b, d, f, h, j, I, n, p, r). Red:
Genes taken further after the two (sq) RT-PCR screens.
*0.05>p>0.01 **0.01>p>0.001 ***0.001>p>0.0001 **** p<0.0001 (Unpaired t-test
with Welch’s correction)

Out of the 22 candidates, the nine that were selected showed a significant and/or high
increase in ADPKD cells compared to normal. In particular, CALBI’s mRNA levels
were increased 47.7-fold in the cystic cells (Figure 3.9a). Although the four ADPKD
cell lines showed an over-expression of CALBI, the significance was low because there
was a variability between these cells: the range of increase went from 5.1-fold in Ox938
and 8.5-fold in SKI002 to 28.6-fold in Ox161 and 118-fold in SKIOO01. Similarly, CLICS
(Figure 3.9¢) was highly up-regulated in ADPKD cells by a fold change of 39.1 compared
to normal, but the significance was low because of a variability between the cells (7.6-
fold increase in SKI002 and 129-fold increase in Ox161). The other candidates showed
a lower but highly significant up-regulation in ADPKD cells compared to normal, such
as PKP2 (Figure 3.9¢), ILIRAP (Figure 3.9g) and SYT1 (Figure 3.91) where the mRNA’s
expression levels were 3.3, 2.6 and 7.7-fold increased in ADPKD cells, respectively. A
second (sq) RT-PCR on these nine genes gave confirmation of the up-regulation of five of
them in the cystic cells. These five genes (CALBI, CLICS5, PKP2, ILIRAP and SYT1, red
boxes in Figure 3.9) showed either a highly significant up-regulation (PKP2: Figure 3.9f,
ILIRAP: Figure 3.9h and SYTI: Figure 3.9j), either a very high fold change value (fold
change of 223 for CALBI: Figure 3.9b and 266 for CLIC5: Figure 3.9d). The results for
the other genes were not as convincing, some of them not showing any significant or high

over-expression in ADPKD (JPHI: Figure 3.91 or ITGBS: Figure 3.9r).
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From the enrichment analysis and the (sq) RT-PCR screen five up-regulated genes in
ADPKD from two different types of experiments were selected out of the 33 candidates
found enriched at least 4-fold in the microarray (Figure 3.5). The next steps consisted
in proving the interaction between these genes and their predicted miRNA target using

dual-reporter luciferase assays.

Dual-reporter luciferase assays to confirm the miRNA/mRNA interactions

Dual-reporter luciferase assays are the method of choice to study the interaction between
a miRNA and its predicted gene target. Plasmids containing part of the 3’UTR sequence
of the five selected candidates containing (one of) the seed sequence(s) for mir-193b-3p or
mir-582-5p accordingly (Figures 3.10a, 3.10b, 3.10c, 3.10d and 3.10e) between the con-
trol Renilla luciferase (hRluc-neo) reporter and the Firefly luciferase (luc2) reporter were
generated. CALBI was a predicted target for mir-193b-3p while mir-582-5p was predicted
to target the four other genes” mRNA CLICS5, PKP2, ILIRAP and SYT1. Co-expressing
the miRNAs mimics and the 3’ UTR-coding plasmid induced a significant reduction of the
fluorescent signal for all the targets. pmirGLO-CALBI’s expression levels (Figure 3.10f)
were reduced to 71 % of the negative control condition with 10 nM of mir-193b-3p mimic
and to 57 % with mir-193b-3p mimic at 50 nM. Similarly, CLIC5’s fluorescence levels
were at 71 % of control at 10 nM and 54 % at 50 nM with p-values highly significant.
The three other genes PKP2, ILIRAP and SYT1 showed lower reduction levels with fluor-
escence intensities around 70 % of the control at 50 nM. Co-transfections of mir-582-5p
mimic at 10 nM also led to less significant fluorescent signal reduction for PKP2 (Figure

3.10h) and ILIRAP (Figure 3.10i).
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Figure 3.10: Dual-reporter luciferase assays for miRNA/mRNA interaction study.

(a, b, ¢, d, e) Predicted seed sequences of mir-193b-3p on CALBI 3’UTR or of mir-582-5p on
CLICS, PKP2, ILIRAP and SYTI (source: www.microrna.org). Yellow: seed sequences of the
miRNA on the 3’ UTR sequence. Red: four to six mutated bases for dual-reporter luciferase assay
with mutants. (f, g, h, i, j) Dual-reporter luciferase assays (n=3) showing the Negative-miRNA-
transfected condition (control) as a reference and the reduction of fluorescent signal compared to
the control in mir-193b (labelled ”193b”’) or mir-582-mimic (582”) -transfected conditions at 10
and 50 nM miRNA concentration.

*p=0.01 ***% p=0.0002 **** p<0.0001 (Unpaired t-test).

The luciferase assays with the WT 3’UTR sequences suggesting that all the candidates
could be targets for their predicted miRNA, albeit to a lesser extent for PKP2, ILIRAP
and SYT1 than for CALBI and CLIC5, mutant 3’UTR sequences-coding plasmids were
generated in order to see a reversion of the inhibition of signal.
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When four bases of the mir-193b-3p seed sequence were mutated in CALBI 3’UTR, the
inhibition of the fluorescent signal observed with WT sequence was almost totally re-
versed (Figure 3.11a) at 10 nM and 50 nM of mir-193b-3p mimic concentration, suggest-
ing that this effect of mir-193b-3p on the WT sequence was due to an interaction between
this miRNA and its seed sequence on CALBI 3’UTR and that inserting mutations in this
seed sequence led to a mismatch between the two thus preventing their interaction and the
inhibition of firefly luciferase signal.

The first experiments on CLICS5 were performed with four mutations (ACUG bases, see
seed sequence in Figure 3.10b), results presented in Figure 3.11b. Similarly to CALBI,
mutating mir-582-5p seed sequence on the gene’s 3°’UTR induced a significant reversion
of signal from 67.8 % to 85.4 % of the Negative control with mir-582-5p mimic at 10 nM
and from 62.5 % to 78.6 % of control at 50 nM. However, this reversion not being total, an
hypothesis was that this could be due to the complexity and length of the predicted seed
sequence of mir-582-5p on CLIC5’s 3’UTR and two more mutations were introduced in
this sequence as indicated in Figure 3.10b. The luciferase assays with the six mutations
gave very similar results to those with four mutations and did not improve the reversion
of fluorescent signal, suggesting there were other reasons for the only partial effect of the
mutations on mir-582-5p seed sequence. It was still concluded that there was an interac-
tion between mir-582-5p and CLICS and further studies on this gene were carried out.
Mutations in the 3’UTR sequences of the three other genes PKP2, ILIRAP and SYTI
(Figures 3.11c, 3.11d and 3.11e) did not induce any significant or high restoration of the
fluorescent signal. Co-expression of mir-582-5p at 50 nM and mutant PKP2 led to a sig-
nificant reduction but low and not total, and did not show any change at 10 nM.
Similarly, the higher fluorescence level observed with mir-582-5p at 10 nM for SYT] was
not strongly significant and no change was visible at 50 nM (Figure 3.11e). Hence, it was
concluded that there was not enough evidence to demonstrate the interaction between

mir-582-5p and PKP2, ILIRAP or SYTI and they were therefore excluded from the study.
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Figure 3.11: Dual-reporter luciferase assays with mutant mir-193b-3p or mir-582-5p
predicted seed sequences.

Dual-reporter luciferase assays (n=3) intensity of fluorescence values represented as percentage
of control condition (Negative miRNA-transfected cells) with WT (left) and mutant (right) genes’
3’UTR sequences at 10 and 50 nM miRNA concentration.

*p=0.035 ** p=0.006 *** 0.001 >p>0.0001 **** p<0.0001 (Unpaired t-test).

The luciferase assays were useful to select two targets from the initial microarray
thanks to their highly probable interaction with my two miRNAs of interest mir-193b-
3p or mir-582-5p: CALBI and CLICS. The next steps of the study consisted in validating
this deregulation at the protein level and in other models i.e. Pkdl”- mice cells and kidney

tissues.
3.4.2 Calbindin-1 is a target for mir-193b-3p deregulated in ADPKD

The first target selected from the parallel mRNA/miRNA microarray, the enrichment
pathway analysis and the (sq) RT-PCR screen and that was shown for the first time to be
interacting with mir-193b-3p was CALB1, coding for the Calbindin (or Calbindin D-28K)
protein. Calbindin is known to act as a Ca>* sensor and transporter in several different

organs including the kidney (Schmidt, 2012). Its function in ADPKD is unknown but as
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the PC1/PC2 complex has been suggested to influence calcium signalling and the loss of
these proteins’ function directly or indirectly leads to the formation of cysts, the influence
of a calcium sensor/receptor protein could make sense in the pathogenesis of ADPKD

(Mangolini et al., 2016).

Confirmation of the CALBI1/mir-193b-3p interaction Transfecting normal (UCL93)
cells with mir-193b-3p inhibitor and cystic (Ox161c1) cells with mir-193b-3p mimic and
analysing the evolution of CALBI’s mRNA levels were done to confirm the luciferase

assays results i.e. the interaction between mir-193b-3p and CALBI.

CALB1 expression in
miRNA-transfected cells Figure 3.12: RT-PCR for the relative expres-
i ud sion of CALBI in human Kkidney cells trans-
fected with mir-193b-3p inhibitor or mimic.
The levels of expression of CALBI in UCL93
transfected with mir-193b-3p inhibitor and
% Ox161cl transfected with mir-193b-3p mimic
are expressed as a fold change of the control
condition (UCL93 with Negative miRNA).
' n=3, * p=0.02 *** p=0.0001 (Unpaired t-test)
Neg Inhibitor Neg Mimic
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The first observation that could be done from the results presented in Figure 3.12 is
that the Ox161c1 cells over-expressed CALBI by 29-fold compared to the UCL93 (nor-
mal) cells, confirming that this gene is enriched in our model of human ADPKD cells
compared to normal.

Transfecting normal cells with a miRNA inhibitor and cystic cells with a miRNA mimic
should theoretically lead to an increased and decreased expression of the target gene,
respectively. This is in line with what was found with the mir-193b-3p/CALB]I couple.
Indeed, the transfection of normal cells (UCL93) with mir-193b-3p inhibitor led to a sig-
nificant 2.0-fold increase in CALBI expression while transfecting cystic cells (Ox161c1)
with mir-193b-3p mimic led to a decrease to 0.7-fold level compared to Negative miRNA-
transfected Ox161cl.

Added to the results of the luciferase assays, several evidences were shown that CALBI

is a target for mir-193b-3p.
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The next steps of the analysis were to confirm the deregulation of calbindin D-28K at

the protein level in our model of human cells and in human kidney.

Expression levels of calbindin D-28K in human ADPKD cells Western blotting of
calbindin was performed in two normal (UCL93 and RFH) and four cystic (Ox161cl,
SKI001, Ox938 and SKI002) human cell lines to show an increased expression of the
protein in ADPKD.
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Figure 3.13: Western blotting of calbindin in normal and cystic human kidney cells.

(a) Calbindin was stained in proteins extracted from two normal (RFH and UCL93) and four
cystic (Ox161c1, SKIO01, Ox938 and SKI002) human ADPKD cells. Calnexin was used as a
loading control. (b) The calbindin/calnexin ratio was measured for each cell line to quantify their
expression levels. (c) The expression levels of calbindin were expressed as fold change in cystic
cells (grey bars) compared to normal cells (white bars).
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As shown in Figure 3.13, calbindin levels in the two normal cells, as well as in the
0x938 (cystic) were barely detectable (ratios around 0.01). In the other cystic cells, how-
ever, the band corresponding to the correct protein size was detectable and highly enriched
in Ox161cl and SKIOOI (ratios at 1.57 and 2.18 respectively, corresponding to increases
of 134 and 187-fold compared to the two normal cell lines). The band was faint in SKI002
but still detectable (ratio of 0.1 or enrichment by 8.7-fold). In the previous (sq) RT-PCR
experiments (Figures 3.9a and 3.9b), the relative levels of expression of CALBI were
similar: Ox938 showed the lowest up-regulation of the mRNA levels while Ox161 and
SKIOO01 were the most enriched cell lines, suggesting that the protein levels are propor-
tional to the mRNA levels.

In order to confirm the enrichment of calbindin D-28K in another model, immunohisto-

chemistry (IHC) was performed on healthy and cystic human kidney tissue.

Immunohistochemistry on human kidney for calbindin D-28K Healthy sections of
an adult human kidney and an adult ADPKD patient’s kidney were stained for calbindin
D-28K and the images from these stainings are presented in Figure 3.14.

The healthy kidney section showed a well structured kidney presenting all the cortex and
medulla structures such as glomeruli, distal and proximal tubules. A strong and specific
staining was visible in some tubules (Figures 3.14a, b, c), but there was no staining of
the glomeruli (Figure 3.14a). The ADPKD kidney, however, was more disorganised with
few clear structures identifiable and very little staining (Figures 3.14d, e, f), even in the
areas not immediately close to a cyst. The very few stained structures such as the one
seen in Figure 3.14e are likely to be tubules. No positive cysts were found in the kidneys
examined (data not shown). The staining intensity, however, was equivalent to the one in

the healthy kidney section.
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WT ADPKD

Figure 3.14: Immunohistochemistry of calbindin D-28K in healthy and ADPKD human
kidney.

Healthy (left) and ADPKD (right) human kidney sections were stained for calbindin and imaged

at magnifications 100 (a, d), 200 (b, e) and 400 (c, f). The legend is indicated on the bottom right
corner of the different images.

Staining was repeated on a different patient’s kidney in order to confirm this obser-
vation (Figure 3.15). Similarly, no staining could be observed on this section, whether it

was on the cyst’s area (Figure 3.15a) or in the rest of the kidney (Figure 3.15b).
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Figure 3.15: Immunohistochemistry of calbindin D-28K in a different ADPKD human
kidney.

A different ADPKD patient’s kidney section was stained for calbindin and imaged at magnifica-
tions 400 (a) or 100 (b). The legend is indicated on the bottom right corner of the different images.

The immunohistochemistry stainings showed contradictory results to the previous hu-
man cells-based experiments, i.e. it showed less or no expression of calbindin in ADPKD
compared to a strong expression in healthy kidney. In order to understand whether this
was due to a variability between human cells and human kidney, the expression of cal-

bindin was studied in several different mice models.

Expression of calbindin in several mouse models The relative expression levels of
Calbl were measured by (sq) RT-PCR in four different models of ADPKD mice: two
cell lines called Mouse Embryonic Kidney (MEK) cells and F1 cells, and two in vivo
models: Pkd1™" (NeoLox) at 4 and 10 weeks of age and tam-KspCad-Cre;Pkd1 del2-11,lox

(CreLox) at 4 months of age (see Materials and Methods chapter for more details).
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Figure 3.16: (sq) RT-PCR for the relative expression of Calb1 in four different mouse models
of ADPKD.

(sq) RT-PCR was performed in (a) MEK cells, (b) F1 cells, (c, d) five females and five males
WT and five females and five males NeoLox mouse kidneys at 4 and 10 weeks and (e) four WT,
five CreLox+Tamoxifen and five CreLox-Tamoxifen kidneys at 4 months. The CreLLox model is
a conditional model that presents an ADPKD phenotype after injection of tamoxifen (grey bar).
The values are expressed as a fold change compared to WT conditions (white bar). Males are

symbolised as squares and females as circles.
*p=0.001 *** p=0.003 **** p<0.0001 (Unpaired t-test with Welch’s correction).

While Calbl expression was unchanged in MEK (Figure 3.16a), it was significantly
down-regulated in all the other models. Indeed, Calbl was significantly under-expressed
in F1/Cre cells at levels of 0.59-fold of F1/WT (Figure 3.16b) and significantly down-
regulated to levels at 0.20 and 0.55 of the WT mice in the NeoLox model at 4 and 10
weeks of age, respectively (Figures 3.16¢ and 3.16d). The down-regulation of Calbl in
CreLox mice treated with tamoxifen reached a 0.08-fold value compared to the WT mice
(Figure 3.16e). The untreated CreLox mice showed a relative expression level around the
value of the WT and a significant difference with the ADPKD condition.

All these taken together, Calbl was strongly down-regulated in the mouse model at the
mRNA level.
Immunohistochemistry was performed next on NeoLox mice kidneys to confirm this ob-

servation at the protein level.
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Expression of calbindin D-28K in 2 and 4 weeks old NeoLox mice kidney tissue
Pkd1™™ mouse kidneys paraffin-embedded sections were processed for detection of cal-
bindin by immuno-histochemistry. Calbindin D-28K was detectable in two week (Figure

3.17) and four week (Figure 3.18) WT and ADPKD (NeoLox) mice kidneys.

2 weeks - WT | _NL

Figure 3.17: Immunohistochemistry of calbindin D-28K in 2 weeks old NeoLox mice kidneys.
Healthy (left) and NeoLox (right) mice kidney sections were stained for calbindin and imaged at

magnifications 100 (a, d), 200 (b, e) and 400 (c, f). The legend is indicated on the bottom right
corner of the different images.
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Figure 3.18: Immunohistochemistry of calbindin D-28K in 4 weeks old NeoLox mice kidneys.
Healthy (left) and NeoLox (right) mice kidney sections were stained for calbindin and imaged at
magnifications 100 (a, d), 200 (b, e) and 400 (c, ). The legend is indicated on the bottom right
corner of the different images.

PkdI™" mice kidneys at 2 weeks already presented large cysts while 4 weeks old
mice kidney were almost totally composed of cysts and had few medullary and cortical
structures left. At both time points a strong, specific and localised tubular staining was
detectable in both WT and ADPKD conditions. Similarly to what was observed in human
kidneys (Figure 3.14), some tubules were stained while some others and the glomeruli

were not.
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The intensity of staining was similar between WT and ADPKD kidneys, but the loss
of tubules in the NeoLox condition suggests a global defect in the calbindin protein in the
disease compared to healthy kidneys.

As a summary, the expression of calbindin and its deregulation in ADPKD was con-
tradictory between our model of human cells and human kidney tissues and multiple mice
models. However, I showed multiple evidences that CALBI is a target for mir-193b-3p,
which could be of interest in future therapeutics approach in diseases where this protein

is confirmed to be dysregulated.

3.4.3 Chloride intracellular channel 5 (CLICS) is a potential target for mir-582-5p
and is deregulated in ADPKD

CLICS was strongly enriched in human ADPKD cells (see Figure 3.9) and belongs to a
family of six putative ion channels structurally related to glutathione-S-transferases (GST)
proteins (Singh et al., 2007). The CLICs have been reported to have various activities
not exclusively related to chloride channel; Clic5 interacts with ezrin and podocalyxin,
members of the actin cytoskeleton and hence has a role on podocyte integrity (Pierchala,
2010), and may also act as an enzyme due to its homology with the GST proteins (Littler
et al., 2010). As it is highly expressed in the kidney (http://biogps.org database, see Wu
et al. (2016)) and based on my initial results for this gene/protein, this candidate was

deemed a potentially relevant target for ADPKD and selected for further studies.

Interaction between CLIC5 and mir-582-5p UCL93 (normal) and Ox161cl (cystic)
cells were transfected with mir-582-5p inhibitor or mir-582-5p mimic, respectively, and
the relative expression levels of CLIC5 measured by (sq) RT-PCR in these cells. The

results are presented in Figure 3.19.
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As mentioned previously, transfection with mir-582-5p inhibitor should theoretically
induce an increase in CLICS expression while transfecting cystic (Ox161c1) cells with
mir-582-5p mimic should lead to decreased CLICS levels relative to the control condi-
tion. First of all, the levels of CLIC5 were 58-fold higher in the cystic cells compared to
normal, which is in line with the previous (sq) RT-PCR results in human cells.
Unexpectedly, transfection of the cells with mir-582-5p inhibitor or mimic induced op-
posite effects than expected. Indeed, the expression of mir-582-5p inhibitor in UCL93
led to a 0.5-fold reduction of CLICS’s levels compared to the negative control condition,
while the transfection of Ox161c1 with mir-582-5p mimic led to an increase of this gene’s
mRNA level by 2.5-fold compared to the negative control condition in Ox161cl.

Because CLICS codes for two isoforms: CLIC5A (isoform 1) and CLIC5B (isoform
2), the first one missing the first 159 amino-acids and having different amino acids at
positions 160-180 compared to the canonical sequence isoform 2 (www.uniprot.org, see
Figure 3.20a), it was suggested that the two isoforms or mRNA coding for these iso-
forms may react differently to the co-expression of mir-582-5p. The expression levels of
CLIC5A and CLIC5B were measured individually in two batches of six human cell lines
to check which isoform is deregulated in ADPKD.
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Figure 3.20: Real-time PCR to measure the relative expression of CLIC5A and CLIC5B in 6
human cell lines.

(a) The human CLICS5A isoform differs from CLIC5B by the missing amino-acids 1-159 and
a different sequence between positions 160-180 where the specific primers were designed. (b)
CLIC5A and (c) CLIC5B expression was measured in two independent batches of 2 normal (white
bar) and 4 cystic (grey bar) cell lines. The values are represented as fold change compared to both
normal cell lines (RFH and UCL93).

* p=0.04 ** p=0.006 (t-test with Welch’s correction)

CLIC5A was more highly up-regulated in ADPKD cells than CLIC5B. CLIC5A’s rel-
ative expression levels reached 72.5-fold compared to normal cells, with however a large
standard error of the mean value due to a wider range of expression between cell lines
(Ox161cl and SKIOO1 over-expressed CLIC5A by 485-fold and 78-fold in one of the
batches compared to 5.2 and 2.2-fold for Ox938 and SKI002, respectively) and between
batches (Figure 3.20b). CLIC5B up-regulation (2.1-fold compared to normal), was more

consistent between cell lines and cells batches (Figure 3.20c).

Expression levels of CLICS in human ADPKD cells To confirm the results of the
qPCR, Western blotting of CLICS was performed in human cells. Because the antibody

used for this experiment showed several bands around the expected size of CLIC5A (the
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band for CLIC5B was more clear), an optimisation step was necessary preliminarily to the
blotting in all cells. HEK cells were either not transfected, or transfected with a plasmid
coding for CLIC5A-GFP or a plasmid coding for CLIC5A-RFP. This allowed me to blot
either GFP either CLICS to study the specificity of the anti-CLICS antibody.

Untransfected
Untransfected

CLIC5A-GFP

. CLIC5A-RFP

CLIC5A-GFP
CLIC5A-RFP

52 kDa —
anti-GFP antibody anti-CLIC5 antibody

Figure 3.21: Western blotting of GFP or CLICS5 in CLIC5A-GFP or CLIC5A-RFP
transfected cells.

HEK?293 were not transfected or transfected with a CLIC5A-GFP or a CLIC5A-RFP plasmid and
their proteins stained for GFP (left) or CLICS (right). Expected sizes: CLIC5A = 32 kDa, GFP =
27 kDa, RFP =27 kDa.

As seen in Figure 3.21, after transfecting HEK cells with a CLIC5A-GFP-coding
plasmid the anti-GFP antibody was able to specifically detect a band at the expected size
(32+27=59 kDa). The untransfected and the CLIC5A-RFP-transfected cells did not show
any band confirming the specificity of the anti-GFP antibody. When the staining was
done with the CLICS antibody, both transfected conditions showed a strong band around
the expected size, the CLIC5A-RFP band being slightly higher than the CLIC5A-GFP.
The band for the CLIC5A-GFP condition having been detected at the exact same size
with both antibodies, the anti-CLICS antibody was confirmed able to stain CLIC5SA and
at the expected size. Western blotting of CLIC5A and CLIC5B was then carried out on
six human cell lines: two normal (RFH and UCL93) and four cystic (Ox161c1, SKI001,
0x938 and SKI1002). The expression of CLIC5B was increased in SKI0O01 and Ox938,
mostly, compared to the two WT cell lines RFH and UCL93 (Figures 3.22a and 3.22c),
and the global levels of the protein were increased by 1.4-fold compared to normal (Figure
3.22e). CLIC5A was over-expressed in all the cystic cells compared to normal, SKI001
and Ox938 cells showing the highest levels of expression (Figures 3.22a and 3.22b).
Global expression levels of CLICSA were 2.4 times higher in cystic cells than in WT

(Figure 3.22d) and this increase was significant.
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Figure 3.22: Western blotting of chloride intracellular channels 5a and 5b in normal and
cystic human kidney cells.

(a) CLIC5A and CLIC5B were stained in proteins extracted from two normal (RFH and UCL93)
and four cystic (Ox161c1, SKI001, Ox938 and SKI002) human ADPKD cells. Calnexin was used
as a loading control. (b, ¢) The CLIC5A or CLIC5B/calnexin ratio was measured for each cell
line to quantify their expression levels. (d, e) The expression levels of CLIC5A and CLIC5B were
expressed as fold change in cystic cells (grey bars) compared to normal cells (white bars).

* p=0.029 (Unpaired t-test).

CLIC5A was more increased in the cystic cells than CLIC5B, which, although not as
importantly, is similar to what was found at the mRNA level by (sq) RT-PCR (see Figure
3.20).

In order to confirm this increase of CLIC5 in another human model, immunohistochem-

istry was performed on healthy and cystic human kidney tissue.
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Immunohistochemistry on human kidney for CLICS

IHC was performed on a healthy and an ADPKD kidney sections to stain CLICS. Figure
3.23 presents the results of this staining: in both WT and ADPKD tissue, no staining
was detected in the tubules or what is left of the medullary and cortical structures. Only
the glomeruli showed a specific staining in both conditions. The intensity of staining
was slightly higher in WT, but the main difference laid in the number of these structures
detectable in the sections. Indeed, while multiple glomeruli were detectable in the WT
kidney as its integrity was perfect (Figure 3.23a), only one was present in the whole

ADPKD kidney section (Figure 3.23e).
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Wr ADPKD
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Figure 3.23: Immunohistochemistry of CLICS in healthy and ADPKD human kidney.
Healthy (left) and ADPKD (right) human kidney sections were stained for CLICS and imaged at
magnifications 100 (a, d), 200 (b, e) and 400 (c, f). The legend is indicated on the bottom right
corner of the different images.

These observations suggest that, similarly to what was seen for calbindin D-28K,
there is a difference between human cells and other models. To confirm this hypothesis,

the expression levels of CLIC5 were measured in several models of ADPKD mice.

127



Chapter 3. Results Laura Vergoz

Expression of ClicS in several ADPKD mice models In Mus musculus, Clic5 is pre-
dicted to code for only one isoform of the Clic5 protein, making it impossible to make
the distinction between Clic5a and Clic5b like in human. The relative expression levels

of Clic5 were measured in the same mice models as previously used for Calbl.

@) (b)

Clic5 in MEK cells Clic5 in mouse F1 cells

®
=3
o
N
o

ke

Fkkk

MEK +/+ MEK -/- F1/Cre

(d) _ (e) _

in 4 weeks old NeoLox mice in 10 weeks old NeoLox mice in 4 months old CreLox mice
1.5 e 25

] 20 . .
L]

~
=3
S

N

o

=3
S

-

o

Fold change
a (2]
S

Fold Change

-
©

400
2

e
o

B
e
o

~_
(]
~

N
o

-
2

Fold Change
5
Fold Change

%

,AZ{///

.

e
o
o
o
.I n
Fold Change

T
1.0 J._

]
oo 0.5

o

o
e
o
o
o

wt,wt nl,nl wt,wt nl,nl WT CreLox + Tam CreLox - Tam

Figure 3.24: (sq) RT-PCR for the relative expression of Clic5 in four different models of
ADPKD mouse.

(sq) RT-PCR was performed in (a) MEK cells, (b) F1 cells, (c, d) five females and five males
WT and five females and five males NeoLox mouse kidneys at 4 and 10 weeks and (e) four WT,
five CreLox+Tamoxifen and five CreLox-Tamoxifen kidneys at 4 months. The CreLox model is
a conditional model that presents an ADPKD phenotype after injection of tamoxifen (grey bar).
The values are expressed as a fold change compared to WT conditions (white bar). Males are
symbolised as squares and females as circles.

** p=0.006 ***¥* p<0.0001 (Unpaired t-test with Welch’s correction).

Similarly to the results in human cells (Figure 3.9), Clic5 was significantly enriched in
both mouse cells models. Indeed, its expression levels were increased 665-fold in MEK
(Figure 3.24a) and 2-fold in F1 cells (Figure 3.24b). In the Pkdl bl mouse model (Neo-
Lox), however, this gene was significantly down-regulated at 4 and 10 weeks (Figures
3.24c and 3.24d). The expression levels decreased to values 0.27 and 0.34-fold the ones
in the WT conditions at these time points, respectively. No difference could be detected in
the conditional CreLox model between the tamoxifen-induced ADPKD condition and the
WT condition, but a significant 0.3 point reduction was observed between the tamoxifen

positive and the tamoxifen negative conditions (Figure 3.24e).
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As a summary, Clic5 was over-expressed in all the cell models we tested (four human
and two mouse cell lines), but was down-regulated in human and mice kidneys. The last
experiment I performed on this candidate was an immunohistochemistry on NeoLox mice

kidneys in order to study Clic5’s deregulation in a mouse model at the protein level.

Expression of Clic5 in NeoLox mice kidneys at 2 and 4 weeks Pkd """ hypomorph
mice were sacrificed at 2 and 4 weeks and their kidneys fixed in paraffin for future immun-
ohistochemistry. Staining of Clic5 in these mice is presented in Figures 3.25 (2 weeks)
and 3.26 (4 weeks).

Background staining was visible in some tubules in WT and in the remnants of the
medulla and cortex in ADPKD at 2 and 4 weeks. Similarly to human kidney, the glomer-
uli showed a very strong staining in WT and ADPKD at both ages, at equivalent intensity
between the healthy and diseased kidney. The difference between the two conditions
resided in the number of glomeruli present in the section: WT kidneys presented visibly
more glomeruli than ADPKD kidneys, suggesting a global loss of expression of the Clic5

expressed in these structures.
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x100

Figure 3.25: Immunohistochemistry of chloride intracellular channel 5 (Clic5) in 2 weeks
old NeoL.ox mice kidneys.
Healthy (left) and NeoLox (right) mice kidney sections were stained for Clic5 and imaged at

magnifications 100 (a, d), 200 (b, e) and 400 (c, ). The legend is indicated on the bottom right
corner of the different images.
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Figure 3.26: Immunohistochemistry of chloride intracellular channel 5 (Clic5) in 4 weeks
old NeoLox mice kidneys.

Healthy (left) and NeoLox (right) mice kidney sections were stained for Clic5 and imaged at
magnifications 100 (a, d), 200 (b, e) and 400 (c, f). The legend is indicated on the bottom right
corner of the different images.

Taken together, the data on CLIC5 was different between models. Human and mouse
cell lines suggested an increase of this gene’s expression and the protein in ADPKD,
while in vivo models such as human and mice kidneys showed a global down-regulation
of CLICS and its protein. This underlined the importance of validating the dysregulation
of a candidate in different models before performing further experiments in order to work

on a consistently enriched gene across models.
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3.5 Selection of new candidates from our mRNA microarray

Following this, the second approach was decided (described in Figure 2.3 in the Materials
and Methods chapter). Rather than basing my selection on the list of predicted targets for
mir-193b-3p and mir-582-5p, I ranked the most enriched mRNA from the initial microar-
ray by p-value and fold change and focused on the potentially most relevant candidates
for ADPKD based on their function. Eight genes were selected from this approach and

are presented in Table 3.1.

Table 3.1: Genes selected from our mRNA microarray based on their fold change, p-value and
function

FC
-val 1
p-value | e Gene Symbo Name
0.003 84,20 SPOCK2 SPARC/Osteonfactln Cwcev And Kazal
Like Domains Proteoglycan 2
0.019 56.88 ANO1 Anoctamin 1 calcium activated chloride
channel
7 37E-05 26.09 RPS6KA?2 Ribosomal protein S.6 kinase 90 kDa
polypeptide 2
3.91E-04 18.51 PTGIS Prostaglandin 12 (prostacyclin) synthase
8.63E-04 12.35 CCNA1 Cyclin Al
0.003 8.73 GREM2 Gremlin 2 DAN family BMP antagonist
4.82E-04 8.50 SYK Spleen tyrosine kinase
0.007 7.30 LCN2 Lipocalin 2

Among the genes selected for further (sq) RT-PCR validation steps, SPOCK2 and
ANOI1 were the ones presenting the highest fold changes with increases of 84.20-fold and
56.88-fold compared to normal cells. The three following, namely RPS6KA2, PTGIS and
CCNA1 were short-listed because of their rather high increase (between 12.35 and 26.09)
and their high p-value (p<0.0008). The last three candidates were interesting because of
their function or fold change and p-value. As said above, (sq) RT-PCR were carried out
in three independent batches of normal and cystic human cells. For more clarity, only the
three consistently deregulated genes (RPS6KA2, ANOI and CCNAI) are presented in the

following Figure 3.27. The summary of all genes tested can be found in Table 3.2.

132



Laura Vergoz Chapter 3. Results

(a) (b) (c)

RPS6KA2 in Human cells ANO1 in Human cells CCNA1 in Human cells

Fkkk
12 FkAk

Fold Change
Fold Change

Cystic Normal Cystic

WT Cystic

Figure 3.27: (sq) RT-PCR for the relative expression of RPS6KA2, ANOI and CCNAI in two
normal and four cystic human cells.

(sq) RT-PCR was carried out for eight candidates selected from the mRNA microarray in three
independent batches of two normal (RFH and UCL93) and four cystic (Ox161c1, SKI001, Ox938,
SKI002) cell lines. (a) RPS6KA2, (b) ANOI and (c) CCNA I were significantly down-regulated in
cystic cells compared to normal. Values are expressed as fold change of the levels in normal cells
(white bar).

*p=0.04 ** p=0.001 **** p<0.0001 (Unpaired t-test with Welch’s correction).

RPS6KA?2 (Figure 3.27a) was significantly enriched by 9.3-fold in cystic cells com-
pared to normal, while CCNA I (Figure 3.27c) expression was significantly increased by
16.1-fold in ADPKD cells and ANO! (Figure 3.27b) was over-expressed 393-fold in the
disease conditions.

Because of the possible inconsistency between models found in the previously mentioned
work on CALBI and CLICS, the next steps consisted in validating the deregulation of
these three targets in three different mice models: two mice cell lines MEK and F1, and

one in vivo mouse model Pkd1""™ hypomorph at 4 and 10 weeks (Figure 3.28).
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Figure 3.28: (sq) RT-PCR for the relative expression of Rps6ka2, Anol and Ccnal in two

ADPKD mouse cell lines and one in vivo mouse model.

(sq) RT-PCR was carried out for (left panel) Rps6ka2, (central panel) Anol and (right panel) Ccnal
in (a, e, i) MEK cells (n=3), (b, f, j) F1 cells (n=3) and NeoLox mice at (c, g, k) 4 weeks (three
males and three females of each phenotype) and (d, h, 1) 10 weeks (three males and three females
of each phenotype). Values are expressed as fold change of the levels in normal conditions (white
bars) and ADPKD conditions are shown in grey bars. Males are symbolised as squares and females

as circles.

*p=0.027 ** 0.009>p>0.001 **** p<0.0001 (Unpaired t-test).
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Rps6ka2 showed contradictory data between models. Indeed, while it was signific-
antly down-regulated to 0.7 fold in MEK Null compared to MEK WT (Figure 3.28a), it
was very slightly but significantly increased 1.3-fold in F1/Cre compared to F1/WT (see
Figure 3.28b), and showed no change in expression in the PkdI"™>"! hypomorph mouse
model at both time points (Figures 3.28c and 3.28d).

Anol, on the contrary, presented a consistent up-regulation in MEK and NeoLox mice at
both time points. Indeed, its expression was significantly increased by 2.9-fold in MEK
(Figure 3.28e) and by 2.5 and 3.8-fold in the hypomorph model at 4 and 10 weeks respect-
ively (Figures 3.28g and 3.28h). No change was visible in the F1 cells (Figure 3.28f).
Finally, Ccnal was significantly enriched in half of the models: 2.1-fold increase in MEK
and 1.5-fold increase in 4 weeks old NeoLox mice (Figures 3.281 and 3.28k). No change
in this mRNA’s expression levels was detectable in either the F1 cells or the 10 weeks old
mice kidneys (Figures 3.28j and 3.28]).

Out of the eight genes identified by analysing solely the results of the mRNA
microarray, ANOI appeared to be the most promising candidates as its increase was
strong in the initial microarray and conserved across almost all other models. As the
microrna.org database predicted it could be a target for mir-582-5p, the interaction

between these two element was assessed using dual-reporter luciferase assays.

Interaction between ANOI and mir-582-5p Part of ANOI’s 3’°UTR sequence con-
taining the predicted seed sequence of mir-582-5p was cloned into a pmirGLO vector
as previously and dual-reporter luciferase assays were performed with the WT and the

mutant sequence in which two bases were mutated.
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Figure 3.29: Interaction between mir-582-5p and ANOI.

(a) Predicted seed sequence of mir-582-5p on ANO/ (source: www.microrna.org). Yellow: seed
sequence of the miRNA on the 3’UTR sequence. Red: two mutated bases for dual-reporter luci-
ferase assay with mutant. (b) Dual-reporter luciferase assay (n=3) showing the Negative-miRNA-
transfected condition (control) as a reference and the reduction of fluorescent signal compared
to the control in mir-582-mimic (”’582”)-transfected condition at 10 and 50 nM miRNA concen-
tration. (c) Dual-reporter luciferase assays (n=3) intensity of fluorescence values represented as
percentage of control condition (Negative miRNA-transfected cells) with WT (left) and mutant
(right) ANOI 3’UTR sequence at 10 and 50 nM miRNA concentration.

* p=0.048 *** p=0.0003 (Unpaired t-test).

As seen in Figure 3.29b, co-expressing ANO/ and mir-582-5p mimic at 50 nM led to
a significant reduction of fluorescent signal to 73 % of the negative miRNA-transfected
condition. No effect could be seen with the miRNA mimic at 10 nM. When two mutations
were inserted in the 3°’UTR sequence, the fluorescent signal was significantly restored to
91% of the negative control in the 50 nM miRNA condition (no effect was seen at 10 nM,
see Figure 3.29c). These results suggested an interaction, albeit weak, exists between
ANOI and mir-582-5p.
Similarly to what was done previously with CALBI and CLIC5, UCL93 (normal) and
Ox161cl (cystic) cells were transfected with mir-582-5p inhibitor or mir-582-5p mimic,

respectively, and the expression levels of ANOI measured in the cells.
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The expected results, if ANOI was a target for mir-582-5p, were an increase of mRNA
levels with the miRNA inhibitor and a decrease with the miRNA mimic. The results
presented in Figure 3.30, however, show the opposite. Indeed, transfection with the in-
hibitor led to a 0.3 point reduction of ANOI mRNA levels in UCL93 and transfecting
Ox161cl with the mimic induced a 1.84-fold increase of ANOI expression levels. The
basal levels of ANOI were 14.5-fold higher in the cystic cells compared to normal, which

is in line with what what found previously.

Expression levels of anoctamin in human ADPKD cells The first step consisted in
validating the anti-anoctamin antibody as the band detected by Western blotting appeared
at a lower size than expected (=75 kDa instead of 114 kDa), although the datasheet from
the supplier suggested a band at that size (75 kDa). Ox161c1 cells were transfected with

a negative control or anti-ANO! siRNA and their proteins run in Western blot.

Figure 3.31: Western blotting of anoctamin
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As shown in Figure 3.31, transfecting Ox161cl with an anti-ANO/I siRNA led to a

strong decrease of intensity of the unique band at ~75 kDa. This proved the efficiency of
the siRNA and supported the idea that the observed band may be specific of this protein,

albeit lower than anoctamin’s calculated size.
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Next, proteins from two independent batches of two normal and four cystic human cell

lines were run in an SDS-PAGE gel and stained for anoctamin and f3-actin (Figure 3.32)
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Figure 3.32: Western blotting of anoctamin in normal and cystic human kidney cells.

(a) Anoctamin (expected size: 75 kDa) was stained in proteins extracted from two independent
batches of two normal (RFH and UCL93) and four cystic (Ox161c1, SKIO01, Ox938 and SKI002)
human ADPKD cells. B-actin (expected size: 42 kDa) was used as a loading control. (b) The
anoctamin/f-actin ratio was measured for each cell line and reported to the average value of the
two normal cell lines (RFH and UCL93, white bars). (c) The expression levels of anoctamin were
expressed as fold change in cystic cells (grey bars) compared to normal cells (white bars).

The expression levels of the protein stained at 75 kDa, deemed to be anoctamin, were
higher in SKIO01 and SKI002 (ratios at 2.1 and 5.3, respectively) than in the two normal
cell lines RFH (1.56) and UCL93 (0.44). The ratio anoctamin/calnexin in Ox938 (1.3)
was equivalent to the one in RFH but higher than UCL93. Only Ox161cl expressed
anoctamin at lower levels than the average of the two normal cell lines (0.7), although it
was higher than in the UCL93. Globally, anoctamin was over-expressed about 2.3-fold in
cystic cells compared to normal although this was not significant because of the variability

between cell lines.
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ANOI1 having been found up-regulated in ADPKD at the mRNA and protein levels in
various models, and an interaction with mir-582-5p being suggested, the next experiment
of this study consisted in performing a 3-Dimensional cyst assay to study effects of its

knock-down on cysts proliferation.

Role of ANOI on cysts proliferation Human cystic cells (Ox161cl) were either not
transfected or transfected with a non-targeting siRNA, an anti-ANO/ siRNA or a mir-
582-5p mimic, and treated with forskolin in order to induce cysts growth. Untransfected
cysts were in parallel treated with an inhibitor of anoctamin: CaCCinh-A0Q1 (specific to
anoctamin) or tannic acid (more wide). The cysts were imaged at 7, 12 and 19 days and
the results are presented in Figure 3.33.

The forskolin control condition had the expected effect on the cells and induced a strong
cysts growth at 7, 12 and 19 days (Figures 3.33a, 3.33b and 3.33c), with average areas
reaching 1,080, 1,812 and 2,777 um?, respectively, and cysts looking round and large
under the microscope (Figure 3.33i1). Tannic acid induced a strong and significant in-
hibition of cysts progression at 7 days (379 um? vs. 1,080 um?, see Figure 3.33a), but
seemed to have toxic effects on the cysts from 12 days of culture, as they were very small
and the medium got more yellow in colour suggesting an acidification of its pH. Hence,
no data for this inhibitor is presented at 12 or 19 days.

Treatment with the specific inhibitor of anoctamin CaCCInh-A0Q1 led to an inhibition of
cysts size at 7 days (475 pm? on average, Figure 3.33a), 12 days (462 um?, Figure 3.33b)
and 19 days (401 um?, Figure 3.33c), without seeming to affect the cells integrity (Figure
3.33i2). Over time, as the cysts in the control condition continuously grew and the ones in
the AO1 condition got significantly smaller, the relative size of the latter compared to the
former decreased from 44 % to 14.5 % (Figure 3.33g), suggesting a strong and prolonged

impact of the inhibition of anoctamin on cysts growth.
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Figure 3.33: 3D-cyst Assay of Ox161c1 transfected or not with Negative control, or mir-582-
5p mimic or anti-ANOI siRNA or treated with anoctamin inhibitors.

Ox161cl were either not transfected and treated with DMSO (Ctrl, black bar), CaCCInh-A01
(AO1, white) or tannic acid (TA, grey), or transfected with Negative control siRNA (Neg, dark
blue) or mir-582-5p mimic (582, blue) or anti-ANO! siRNA (ANO1 siRNA, light blue) and cul-
tured for (a) 7, (b) 12 and (c) 19 days. n: number of cysts measured for each condition. (d), (e), (f)
Dot-plot graph representing the distribution of the cysts sizes in the DMSO (Ctrl, black), negative
control (Neg, dark blue), mir-582 mimic (582, blue) or anti-ANO! siRNA (ANOI, grey). The y
axis of (e) and (f) were cut in order to focus on the small and large cysts. Evolution of cyst areas
presented as percentages of control conditions (no treatment control or negative small RNA con-
trol) in (g) AO1-treated cells or (h) siRNA/miRNA-transfected cells. (i) Example of representative
cysts after 19 days of culture after (1) control condition, (2) AO1 treatment, (3) mir-582 mimic
transfection and (4) anti-ANO/ siRNA transfection. Magnification x100.

% p=0.0005 ****%/33$$ p<0.0001 (Mann-Whitney test)

Transfecting cells with a negative control small RNA led to a significant decrease in

cysts size compared to control condition at 7 and 12 days but, surprisingly, not at 19 days.

140



Laura Vergoz Chapter 3. Results

Looking at the global aspect of the cells in the three small RNA-transfected conditions, as
presented in Figures 3.33d, 3.33e and 3.33f, there were a few very large cysts and many
little or very little ones, only visible from a x100 magnification. The large cysts were of
equivalent sizes in the negative control and mir-582 mimic or anti-ANO/ siRNA, but the
little cysts were smaller in the two latter compared to their control, in particular at 7 and
12 days (the cysts presented in Figures 3.33i3 and 4 are representative of the average cysts
size in these conditions), leading to average sizes significantly lower in these two condi-
tions compared to the negative small RNA control condition at the three time points. The
average size of the cysts in the negative control condition increased moderately between
7 and 12 days (from 829.5 um? to 1,148 um?, Figures 3.33a and 3.33b), but increased
more strongly between 12 and 19 days (from 1,148 um? to 3,135 um?, Figure 3.33c).
A similar observation could be made for the mir-582 mimic condition (508.7 um? at 7
days, 561.1 um? at 12 days, 1,645 um? at 19 days) and for the anti-ANO! siRNA con-
dition (579.6 um? at 7 days, 522 um? at 12 days and 1435.5 um? at 19 days), where
the cysts size were rather stable between 7 and 12 days but highly increased between 12
and 19 days. Furthermore, the average cysts size between these two conditions remained
equivalent at all the time points studied. over time, the relative expression levels of these
two conditions compared to the negative control were very similar between each other:
they decreased between days 7 and 12 and were stable afterwards (Figure 3.33h, for the
mir-582 mimic and the anti-ANO! siRNA respectively: 61 % and 69 % at 7 days, 49 %
and 45 % at 12 days, 52 % and 46 % at 19 days), while always being highly significantly
lower than the negative reference condition. This suggested that both the mimic and the

siRNA affected the cysts formation and progression at the earlier time points.

Effects of glucose deprivation on ANOI expression UCL93 (normal) and Ox161cl
(cystic) cells were cultured for two weeks in normal DMEM F-12, containing glucose
at 3,151 mg/L, or in a 1:5 mix of normal DMEM and glucose-free DMEM (final glucose
concentration at 630 mg/mL. The cells did not survive in full glucose-free medium). Their
RNA was extracted and (sq) RT-PCR was performed to measure the relative expression of

ANOI in the different conditions. The results are presented in the following Figure 3.34.
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First of all, in normal conditions ANO!I was highly and significantly over-expressed
in the cystic cells compared to normal (fold change 282), which confirms again the res-
ults of the previous (sq) RT-PCR validation experiments. Furthermore, for both cell lines
culturing the cells in a low glucose medium for two weeks led to a significantly decreased
expression of ANOI. In UCL93, ANO1 expression level was reduced by 0.3 points, while
it was 0.24 points lower in the cystic cells Ox161cl. Overall, lower glucose concentra-
tions directly led to a decreased expression of ANOI.

As a summary, ANOI was found over-expressed in various models of ADPKD at the
mRNA and protein levels, was suggested to be a target for a miRNA found highly down-
regulated in our microarray, mir-582-5p, and its chemical inhibition or genetic knock-

down led to significant decreases in cysts growth.



Table 3.2: Summary of all genes selected for analysis from miRNA array and/or mRNA array
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Summary of all genes selected for analysis from miRNA array and/or mRNA array (continued)
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Summary of all genes selected for analysis from miRNA array and/or mRNA array (end)

Gene Name FC Ox161 FC SKI001 FC Ox938 FC SKI002 Reason for not taking further
DMD Dystrophin 0.07 0.7 15.4 45 No consistent up-regulation
DOCK4 Dedicator of Cytokinesis 4 31 7.5 3.06 4.5 Not validated on a second batch
ENPP4 Ectonucleotide Pyrophosphatase/Phosphodiesterase 4 4 2.4 1.5 2.4 Not validated on a second batch
FLI1 Friend Leukaemia Integration 1 0.82 5.2 1.4 2.28 No consistent up-regulation

FOXO01 Forkhead box protein O1 1.7 3.2 1.7 2.6 No high up-regulation
FRAS1 Fraser Extracellular Matrix Complex Subunit 1 2.4 1.4 2.4 0.2 No consistent up-regulation
GREM2 Gremlin 2 12.2 1.97 1.46 0.29 No consistent up-regulation
ITGB8 Integrin Subunit Beta 8 6.8 2 0.8 3 Not validated on a second batch
JPH1 Junctophilin 1 0.3 0.2 8 247 Not validated on a second batch
LCN2 Lipocalin 2 1.35 0.77 1.2 0.8 No up-regulation
MFI2 Melanotransferrin 2 2.8 0.5 0.8 0.4 No up-regulation
MYCN N-Myc proto-oncogene 1.07 2.1 1.8 0.95 No high up-regulation
MYO10 Myosin X 1.7 1.9 0.5 0.1 No consistent up-regulation
NPR3 Natriuretic Peptide Receptor 3 0.3 3.2 4 0.6 No consistent up-regulation
PTGIS Prostaglandin 12 Synthase 1.2 4.7 2.9 1.3 No consistent up-regulation
RGCC Regulator of Cell Cycle 2 1 0.39 1.06 No consistent up-regulation
SLC22A10 Solute Carrier family 22 member 10 0.17 0.05 10.3 35.9 No consistent up-regulation
SOX5 SRY-related HMG box 21 1.9 0.96 0.09 No consistent up-regulation
SPOCK2 SPARC/Osteonectin Proteoglycan 2 0.77 1.07 0.43 0.64 No up-regulation
SSPN Sarcospan 0.18 0.06 7.5 19.8 No consistent up-regulation
SYK Spleen Associated Tyrosine Kinase 5.56 2.9 1.26 0.92 No consistent up-regulation
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3.6 Discussion

This part of the project was based on the data from a parallel mRNA/miRNA array per-
formed before the start of my PhD. This array allowed us to identify and characterise a
new candidate involved in ADPKD’s cyst progression, ERBB4, as well as to link it to a
miRNA found down-regulated in ADPKD from this same microarray, mir-193b-3p. This
was the first evidence of an interaction between these two genes and of their role in the
pathogenesis of ADPKD, and we successfully published this data in AJP Renal in 2017.

Because many other candidates identified from this microarray were still to be studied,
the first aim of my PhD project was to narrow down their number, select and characterise

new genes involved in the pathogenesis of ADPKD using different approaches.
3.6.1 Selection of new candidates from the parallel mRNA/miRNA microarray

The PANTHER enrichment analysis allowed me to classify the potential candidates ac-
cording to the biological processes enriched in ADPKD. Indeed, this pathways/network
approach gave a wider angle to the selection process as it led to characterise whole pro-
cesses deregulated in the disease and the genes related to these rather than individual
targets for each miRNA. The 4-fold value was a subjective choice that appeared to restrict
the list of candidates to a reasonable number for further (sq) RT-PCR validations. The
same process could however be applied to all the enriched targets in order to broaden
their number but it would also probably involve selecting some less relevant elements.
Finding the “cellular process” as the most enriched process was expected as it regroups
major and fundamental actors of cell physiology such as cell cycle and proliferation. As
cell proliferation is known to be a major factor of cysts progression in ADPKD (Welling,
1990), the genes identified as part of this process were selected for further analysis. Fur-
thermore, processes such as “’localisation” (regrouping transport and retention of cellular
entities and proteins to various places of the cell) and “metabolic process” (regrouping,
among others, DNA repair and replication, and protein synthesis and degradation) were
also considered important in ADPKD pathogenesis, therefore the targets involved in these

processes were also selected for further validation experiments.
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Finally, three genes not part of the significantly enriched pathways (JPHI, NPR3,
RGCC) were also added to the list of targets to validate as their expression levels were
high in the initial microarray. This led to the selection of twenty-two candidates out of
the thirty-two originally found up-regulated at least 4-fold, hence to the dismissal of ten
potential targets that may be interesting to get back to in further studies.

Nine genes were over-expressed in human ADPKD cells compared to control, and five out
of them were confirmed deregulated in another independent batch of cells. The variability
between cell lines being large for CALBI and CLIC5, although all the cells over-expressed
these genes, highlights the importance of using several cell lines for the validation exper-
iments as the expression levels of some candidates can vary between batches and cells
origin.

The luciferase assays were useful to determine the potential interaction between the five
validated targets and the two miRNAs found down-regulated in the microarray. Only
CALBI and CLIC5 showed convincing results suggesting an interaction with mir-193b-
3p and mir-582-5p, respectively. Indeed, while a co-expression of the genes’ 3’UTR and
their relevant miRNA mimic led to a significant and strong reduction of the signal, insert-
ing mutations in the 3’UTR induced a total reversion of this signal reduction for CALBI
and a partial reversion for CLIC5. My first hypothesis for this non total reversion was that
the predicted seed sequence of mir-582-5p on CLIC5 3’UTR is quite long, hence mutat-
ing only four bases would not allow a total inhibition of the interaction between the two
elements. However, the insertion of two more mutations in this 3’UTR sequence did not
have any different effect on the fluorescent signal. Another potential explanation is that
mir-582-5p has several predicted and non predicted seed sequences on CLICS5 3’UTR. No
other predicted sequence was part of the 3°’UTR section cloned the plasmid, but it did con-
tain a sequence complementary to the miRNA’s. Although a bases complementarity is not
sufficient to predict miRNA seed sequence and multiple other factors are to be taken into
consideration (Cloonan, 2015), this hints that a weak or non-specific interaction could

occur in the transfected cells, hence maintaining an inhibition of the signal.

147



Chapter 3. Results Laura Vergoz

3.6.2 CALBI, a calcium channel deregulated in ADPKD

CALBI codes for calbindin D-28K, a Ca?* channel sensor and transporter, and its dys-
regulation in ADPKD could have made sense in the pathogenesis of the disease, although
usually this ion’s effects on cystogenesis were characterised in knock-down conditions
and not over-expression as it was found in our human cells.

Transfection of cells with mir-193b-3p mimic and inhibitors induced expected effects on
CALBI expression, giving another evidence that this gene is a target for this miRNA.
Taken together, I reported for the first time that mir-193b-3p targets CALBI in vitro.
Calbindin D-28K blotting in our human cells showed results in line with the (sq) RT-PCR,
confirming the up-regulation of calbindin in most cystic cell lines (though not in Ox938).
However, immunohistochemistry stainings on human tissue hinted that this dysregulation
may not be consistent across models. Indeed, while the staining intensity in the marked
structures (assumed to be distal tubules from their shape and because calbindin is clas-
sically used as a marker of these structures (Taylor et al., 1982)) was equivalent between
the two conditions, there were much less tubules visible in the ADPKD kidneys. As the
tissue was very disorganised, very little structures were identifiable. This suggested that
the global expression of calbindin was decreased in ADPKD compared to normal, which
is contrary to what was found in our cells.

This observation was confirmed in three different murine models (F1 cells, NeoLox at 4
and 10 weeks and CreLox). Only the MEK cells showed no difference in the expression
levels of Calbl, which could be due to a difference in developmental stage of the mice
from which the cell lines originated in the original model or to the difference between the
mice genotypes themselves. Immunohistochemistry of PkdI™" mice tissues at 2 and 4
weeks confirmed that the expression levels of calbindin in the tubules were not changed
per se but that there were less tubules in the ADPKD kidneys, thus less global expression
of the protein in the disease condition.

An explanation as to why some of our human cells (namely Ox161c1 and SKIOO01) highly
over-expressed the protein by (sq) RT-PCR and Western blotting could be a difference of
renal segment origin between these cells and the others, in particular these cells would be
originating from distal tubules while the other would be originating from other segments.
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Unfortunately, Western blotting, immunofluorescence and (sq) RT-PCR were performed
on these cells to detect specific segments markers such as aquaporin-1 (proximal tubules),
aquaporin 2 (distal tubules) and Tamm-Horsfall protein (loop of Henle) but did not detect
any specific signal, suggesting the cells have lost their markers and making it difficult to
determine their origin (data not shown). We also hypothesised that mir-193b-3p may be
differentially expressed between kidney segments, explaining CALBI’s difference of ex-
pression between these segments. Interestingly, this miRNA was reported to be enriched
in the thick ascending loop of Henle compared to all other segments in an unpublished
dataset we had access to (kindly shared by Prof Olivier Devuyst, University of Zurich,
Switzerland), in which miRNAs expression patterns were measured in healthy 10 weeks
old mice kidney segments. Moreover, the cell lines that expressed mir-193b-3p the least
in the TagMan (sq) RT-PCR validation experiment (Ox161 and SKIOO01, see Figure 3.4b)
were the ones over-expressing CALBI the most, giving more evidence of an interaction
between the two elements and suggesting these two cell lines may originate from a re-
gion at the junction between the thick ascending loop of Henle and the distal tubule. No

segment-specific enrichment could be seen for mir-582-5p.
3.6.3 CLICS was up-regulated in several models, but not all, of ADPKD

CLICS codes for the chloride intracellular channel 5 protein, predominantly expressed in
the ear and kidney (Seco et al., 2015). It has not been linked to ADPKD before but its
recently suggested interaction with PI(4,5)P, which has itself been shown to regulate the
PI3K/Akt pathway known to be of major importance in ADPKD (Ye et al., 2013) (see
chapter 4), and reports of mild renal dysfunction in CLIC5 KO mice (Seco et al., 2015)
suggested an effect of an over-expression of this gene in the pathogenesis of ADPKD.

Transfection of normal and cystic cells with mir-582-5p inhibitor or mimic gave unexpec-
ted results. Indeed, although the up-regulation of the gene in cystic cells was confirmed
again, the relative expression levels of CLIC5 showed the opposite of what was expected:
an increased expression in inhibitor-transfected normal cells, and a decreased expression

in the mimic-transfected cystic cells.
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Several hypotheses can be made to try and explain this observation. First of all, the
interaction between mir-582-5p and CLIC5 might be weak, which would explain the non-
total reversion of signal observed in luciferase assays, and a protein regulating CLICS
expression could be a stronger target for mir-582-5p, leading to a lower expression of this
protein hence more expression of CLIC5. The identity of this protein remains to be de-
termined as not much is known about CLIC5 regulation. A suggestion could be the ezrin
or gamma actin proteins which have been shown to regulate Clic5 activity in a feedback
loop (Singh et al., 2007) and predicted to be potential targets for mir-582-5p by a few
algorithms (MicroT4, RNAhybrid and RNA22). Whether this would also have an effect
at the mRNA level still remains to be proved. Another hypothesis is a difference between
CLIC5A and CLIC5B’s sensitivity to mir-582-5p transfection. Indeed, although these are
two isoforms coded from the same gene, it is known that alternative polyadenylation can
generate isoforms differing in their 3’UTR (Elkon et al., 2013), hence with missing or ad-
ditional predicted seed sequences for miRNAs. This suggests that Clic5a and Clic5b may
have a different sensitivity to mir-582-5p (or other miRNAs) and that transfecting this
miRNA into cells may affect the two isoforms differently, either by not targeting them
as much either by targeting other genes regulating these isoforms differentially. It would
therefore be useful to perform sequencing of the 3°’UTR of the two isoforms to confirm
that this sequence is different between the two.

(sq) RT-PCR of CLIC5A and CLIC5B independently hinted a difference between the two
isoforms, both of them being significantly increased in ADPKD human cells but CLIC5A
to a larger extent than CLIC5B. The deregulation of CLIC5B was constant between cell
lines and batches while CLIC5A was mostly increased in two cell lines Ox161cl and
SKI001, and different between the two batches measured. Western blotting showed sim-
ilar data although the increase of Clic5a was less important than at the mRNA level, which
could be explained by the variability between batches observed by (sq) RT-PCR.

Similarly to the calbindin results, immunohistochemistry of Clic5 in human kidney tissue
did not show any difference in intensity between normal and ADPKD glomeruli but a

global loss of these structures in the cystic kidney.
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Indeed, the staining seemed specific to the glomeruli, which is where Clic5a is pre-
dominantly expressed, and very little glomeruli (only one in the presented section) were
visible in ADPKD kidney. The reason why no staining was visible in the other structures
such as the tubules, thus of ClicSb, may be due to the antibody itself not being sensitive to
this isoform in IHC and another antibody might show a stronger staining. Nevertheless,
these results suggested a global down-regulation of Clic5a in ADPKD which was oppos-
ite to what was found in human cells.

(sq) RT-PCR validation experiments in four different mice models and immunohisto-
chemistry on NeoLox (Pkd1 hypomorph) mice did not allow me to conclude on the dereg-
ulation of CLICS5 in ADPKD. Indeed, while this gene was significantly down-regulated
in NeoLox at the mRNA and protein level and in CreLox mice at the mRNA level, it was
significantly and highly over-expressed in the two mice cell lines studied (MEK and F1).
Only one isoform is known for Mus musculus so it was not possible to perform differen-
tial (sq) RT-PCR in the mice models to get more insight into what causes the difference
between these models. A suggestion would be that because total ADPKD kidneys RNA
and tissues were less rich in glomeruli (as it can be seen in the kidney sections), and
Clics5 is largely expressed in these structures (also visible in the sections), their disruption
largely influenced the mRNA quantification even if there was an increase in some other
structures. Since both mice cell lines originate from collecting ducts, glomerular specific
expression cannot explain these findings, hence showing an up-regulation of this gene by
(sq) RT-PCR.

As a summary, although CLIC5 cannot be totally dismissed from further ADPKD studies
as it was found up-regulated in three human and two murine cell lines, the lack of consist-
ency with the relative expression levels in total kidney tissues highlights the limits of my
first approach and suggests that a validation across these models should be the first steps

to undertake in order to select new candidates.
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3.6.4 ANOI expression is increased in most models of ADPKD and may play a role

in cysts progression

Because the first approach taken previously limited the candidates selection to the ones
predicted to interact with the two down-regulated miRNAs by only one algorithm (Tar-
getScan) and dismissed some strongly enriched targets, I decided to first focus on select-
ing genes based on their deregulation in multiple models and then characterise their in-
teraction with the miRNAs. The eight most significantly and highly enriched genes were
selected and their relative expression in ADPKD was measured by (sq) RT-PCR in three
batches of normal and ADPKD human cells, which allowed us to short-list our selection
to three genes to validate in the mouse model. The lower p-value for ANOI is explained
by a variability in this mRNA’s enrichment levels between cell lines but its average fold
change value was still very high which incited us to select it for further experiments.

The CreLox model could not be used in the following experiments for practical reasons
as the RNA samples were kindly offered by D. Peters and had run out after the previous
experiments. While RPS6KA2 was very variable between models, only the F1 cells sup-
porting the human cells results, making it easy to dismiss, CCNAI was more difficult to
conclude on as it was slightly up-regulated in two models (MEK and 4 weeks old NeoLox
mice) but not changed in two others (F1 cells and 10 weeks old NeoLox mice).

ANOI was chosen as an interesting target to study as it was significantly up-regulated
in three out of the four models studied and showed a slight trend to an up-regulation in
F1 cells, making it consistent across models and suggesting that it is well enriched in
ADPKD with fold changes ranging from 1.5-fold in 4 weeks old Pkd1™"! mice to 393-
fold in human cells.

ANOI1 codes for anoctamin, a protein that was reported to induce cysts progression in
a canine kidney cell model (MDCKII) (Buchholz et al., 2013) and linked to cAMP and
calcium signalling (Tanaka and Nangaku, 2014). Although Buchholz et al. previously
reported that anoctamin is expressed in the cyst-lining epithelium of many cysts in hu-
man ADPKD tissue and forskolin-stimulated MDCK, I am showing for the first time that
ANOI is over-expressed in the disease compared to normal condition in human ADPKD

cells, embryonic mouse kidney cells and a Pkdl hypomorph mouse model at two ages.
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The following step consisted in validating its interaction with one of our significantly
down-regulated miRNAs, mir-582-5p, for which the microrna.org database predicted one
seed sequence on ANO1’s 3°’UTR. I successfully generated a pmirGLO plasmid coding for
part of the 3’UTR sequence of ANO/ containing the predicted mir-582-5p seed sequence
and used it to perform dual-reporter luciferase assays. There was a hint that the two ele-
ments could interact in vitro as the co-expression of the miRNA mimic at 50 nM led to a,
albeit low, significant reduction of fluorescent signal. Despite multiple protocols and use
of several couple of primers, it was not possible to insert more than two mutations in the
ANOI sequence which limited the possible inhibition of the miRNA-mRNA interaction.
However, an significant reversion of the fluorescent signal decrease could be observed,
although not total as it was expected with only two mutated bases. The transfection of
normal and cystic cells, similarly to what was observed with CLICS previously, gave op-
posite results to what was expected. Mir-582-5p may target a protein negatively regulating
ANOI more strongly than ANOI itself, hence its increase when mir-582-5p is artificially
over-expressed. The identity of this protein remains to be determined. Taken together,
the interaction between mir-582-5p and ANOI, if it exists, appeared weak and suggests
that this gene may be regulated by other miRNAs in ADPKD. Interestingly, mir-194-5p,
which we later found significantly down-regulated in human ADPKD urinary exosomes
and mice kidneys (see chapter 5 of this thesis), was predicted to target this gene by nine al-
gorithms (miRWalk, MicroT4, miRanda, miRDB, miRMap, PITA, RNA22, RNAhybrid,
TargetScan). This strongly suggests that ANOI could be, more than mir-582-5p, a target
for mir-194-5p which would explain its enrichment in ADPKD. This interaction between
the two elements would be very interesting to validate in further experiments.

Western blotting of anoctamin in the human cells showed that two cell lines in particular
(SKIOOT and SKI002) are enriched in this protein compared to the average amounts in the
two normal cell lines. The variability between cells could be explained by a difference
between batches (cells more confluent for example) or a segment-specificity which, again,

could not be proved because of a probable loss of tubules markers from the cells.
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Moreover, the fact that Ox161cl was the most ANOI-enriched cell line in all repeats
of (sq) RT-PCR but the one expressing anoctamin 1 the least by Western blotting, added
to the fact the band appears at 75 kDa instead of 114 kDa, casts a doubt on whether the
protein stained is indeed anoctamin 1, although the anti-ANO1 siRNA seemed to knock
the signal down. Immunohistochemistry was attempted on human and mouse tissues to
confirm the enrichment of anoctamin at the protein level but the antibody did not detect
any signal (data not shown). Performing this experiment with another antibody may be
interesting, although very few specific and IHC-compatible antibodies are available to
purchase and most papers’ authors used a home-made antibody.

Buchholz et al. performed 3D cysts assays of canine cells and organ culture of mice
metanephric kidneys and reported that anoctamin is involved in cysts growth. Although
these results seem convincing, the experiments were not performed on a human ADPKD
model. Therefore, I decided to confirm these results in one of our human cells models
of ADPKD (Ox161c1), expressing a truncated form of PC1 and known to form cysts in
Matrigel, and see if the effects of knocking down anoctamin would not be hidden by the
deficiency in PC1 and how they would maintain over time. Tannic acid is a strong in-
hibitor of the Calcium-activated Chloride Channels (CaCC) TMEMI16A and TMEM16B
with IC5p of 5.9 uM (Namkung et al., 2010) while CaCCInh-AO1 (AO1) is more specific
of ANO1 (TMEM16A) and has an IC5; of 6.4 uM (He et al., 2011b). The concentrations
chosen were the same as in Buchholz’s paper: tannic acid at 20 uM and AO1 at 10 uM.
The first observation made was that tannic acid, at 20 uM, did induce a strong and sig-
nificant reduction of cysts area after 7 days, but after 12 days and even more at 19 days
the cysts’ integrity looked compromised under the microscope and the gel and medium
had changed colour, suggesting an over-acidification and off-target effects on the cells.
Hence, the tannic acid condition was not analysed after day 7. Buchholz et al. only meas-
ured cysts areas after 5 days of treatment which can explain that this observation was not
made in their study.

AOI led to a constant strong and significant inhibition of cysts growth over time. In-
deed, while cysts in the control condition more than doubled in size between days 7 and

19, the average area of those under AQ1 treatment was consistently lower at the three
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time points and constant over time (no significant difference in size between the time
points). This meant that the relative area of the AO1 condition cysts compared to the con-
trol condition strongly decreased between days 7 and 19. These results suggested that the
chemical inhibition of anoctamin 1 led to a prolonged inhibition of cysts growth in a hu-
man model of ADPKD. The use of forskolin could be discussed as it artificially enhanced
the cysts growth in the Matrigel by increasing cAMP levels thus making the conditions
less physiological, but as Ox161c1 grow small cysts without this compound (see Figure
4.18a in chapter 4 of this thesis), the very little cysts caused by the AO1 treatment would
not have been visible or measurable and the analysis would have ended up biased. Fur-
thermore, cAMP increases have been reported to directly enhance anoctamin 1-mediated
chloride transport (Edlund et al., 2014), hence the effects of forskolin on cysts growth
involve this channel and its inhibition blocks the chloride secretion mediated by cAMP
and indirectly by forskolin.

The transfection of Ox161cl with a negative control small RNA induced a significant
off-target effect on the cysts growth at 7 and 12 days but not at 19 days. Similarly, the
average cysts areas in the miRNA mimic and anti-ANO! siRNA conditions (’tests’ condi-
tions) was significantly lower than the negative control at all time points but significantly
increased between days 12 and 19. The most probable theory is that the siRNA and
miRNA mimics had a limited effect in time, which is supported by the manufacturer’s
documentation. The difference in average cysts area between negative control and siRNA
or miRNA mimic, and the fact that the little cysts were smaller in these two test conditions
at 7 days suggests that they had an impact on cyst formation. The significant decrease in
relative size between 7 and 12 days also supported the theory that the siRNA and miRNA
mimics prevented cyst growth as it means the negative control condition cysts grew faster
than the two other conditions. Between days 12 and 19, however, the negative control,
miRNA and siRNA may have lost their effect hence all the cysts suddenly grew back at
normal rates, maybe explaining in part why the negative control condition values got back
to normal levels at that time point. The significant difference between control and tests
conditions at day 19 would then only be a reflection of the delay in cysts growth caused

by the miRNA mimic or the siRNA until day 12 and that they could not compensate for.

155



Chapter 3. Results Laura Vergoz

Taken together, we showed that a genetic knock-down of ANO! had the same effects

as the chemical inhibition of its protein, namely the inhibition of cysts growth over time.
The less strong effect of the siRNA mimic is suggested to be due to the non-total transfec-
tion of the cells - which is also illustrated by the presence of a few large cysts. These larger
cysts would skew the average area towards higher values and partially mask the effects of
the siRNA on the cysts where it was efficiently transfected. My data is in line with the
findings from Buchholz, and shows for the first time the role of anoctamin 1 in a human
model of ADPKD, which is important because is suggests that inhibiting anoctamin could
be sufficient to compensate the cysts growth induced by PC1 deficiency. I also suggest
that this effect of anoctamin is conserved over time, which makes it potentially possible
to use in longer term treatments in in vivo mice models and, eventually, human.
An increase of mir-582-5p amounts by transfection of a mimic also preventing cysts
growth, added to the fact that mimicking this miRNA in the same cell line led to reduced
cell proliferation (data not shown) suggest that this miRNA is an important factor of cysts
progression in ADPKD. Whether the effects of anoctamin and mir-582-5p are linked or
independent still needs to be determined as the interaction between the two elements was
not totally convincing.

Finally, because anoctamin was suggested to be dependent on glucose concentrations
by several studies in mouse intestines and kidneys (Yin et al., 2014; Kraus et al., 2016),
the last experiment presented consisted in confirming this observation in the Ox161cl
in order to give a hint on the effect of anoctamin 1 over-expression on the phenotype of
ADPKD in this model and support Kraus et al.’s hypothesis on the potentially affected
pathways. Glucose concentrations were directly linked to ANO1’s expression levels, the
more glucose the more expression of this gene. This goes along the previous findings
that high glucose leads to high expression levels of anoctamin hence potentially a higher

chloride secretion in pIMDCK cells and embryonic kidney cysts (Kraus et al., 2016).
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However, as the normal cells are also sensitive to the change in glucose concentra-
tion, it is difficult to conclude that this factor is solely responsible for the enrichment
of anoctamin in the cystic cells. Indeed, although it has been reported that the glucose
metabolism is defective (enhanced glycolysis) in in vivo models of ADPKD (Rowe et
al., 2013), the facts that even if they were capable of less glycolysis (which needs to be
proved) the normal cells are also affected by the reduction of glucose concentration and
that the relative expression of ANOI remains highly superior in the cystic cells even at
low glucose concentrations suggest that, in this in vitro model (thus potentially in other
models), the glucose concentration is not the only factor affecting ANOI expression.

Although the fact that Ca®* is decreased in ADPKD could suggest a lower activation
of the Ca*-activated chloride channel anoctamin 1, it has been shown that over-expressed
anoctamins present a lower threshold for their activation by this ion, suggesting that lower
Ca* concentrations may have limited effects on their levels of activation as they need
much less CaZ* for their activation (Kunzelmann et al., 2011). Moreover, this threshold
was also demonstrated to be lowered in hypoxia conditions, and hypoxia-inducible factors
have been shown to be involved in the fibrosis observed in ADPKD, supporting the pos-
sibility for anoctamins to be activated under lower calcium concentrations in this disease
(Wu et al., 2014; Norman, 2011). Additionally cAMP, known to be increased in ADPKD,
is an activator of the CFTR channel that was itself suggested to activate anoctamin 1,
giving another potential explanation for the over-activation of the already over-expressed
anoctamin 1 in the disease (Kunzelmann et al., 2012; Edlund et al., 2014; Ousingsawat
etal., 2011).

As a summary (see Figure 3.35), I propose that there are several factors influencing
ANOI1 enrichment in ADPKD, including miRNAs, glucose metabolism and cAMP. The
deregulation of these factors would lead to an increased expression of ANO/ in ADPKD,
resulting in more chloride secretion and cysts formation, growth and as it was suggested
before, proliferation, notably by the activation of the MAPK pathway (described in the
following chapter) (Duvvuri et al., 2012; Buchholz et al., 2013; Oh and Jung, 2016).
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<— Figure 3.35: Summary and hypotheses on the role of miRNAs and anoctamin-1
in the pathogenesis of ADPKD.

In the healthy kidney (top panel), the normal expression levels of mir-582-5p (or any
miRNA targeting ANOI) lead to normal translation levels of this gene and normal pro-
duction of anoctamin channel. When glycolysis takes place, it generates ATP which along
with cAMP at normal levels indirectly activates anoctamin 1, notably via the activation of
the CFTR channel. Normal Ca* levels will also activate the channel after binding to the
calmodulin binding domain. The protein can then exert its chloride channel action which
helps maintain homeostasis in the cells.

In ADPKD (bottom panel), mir-582-5p (or mir-194-5p) is down-regulated (an hypothesis
on what could explain miRNAs down-regulation in ADPKD is proposed in chapter 5)
which leads to less negative regulation of ANO! expression and thus the translation of
more anoctamin 1 than in the healthy kidney. Because glycolysis has been reported to be
increased in ADPKD, it suggests that more ATP is produced which leads to more activa-
tion of the already more numerous anoctamin 1 channels, added to the increased cAMP
levels that may result in more activated CFTR channels and the subsequent additional
activation of anoctamin 1 channels. Although Ca>* levels are known to be reduced in
ADPKD, some studies suggested that an over-activation of anoctamin leads to a lowering
of its activation threshold. Therefore, anoctamin may be equivalently activated by calcium
in ADPKD as it needs less Ca®* to be activated and it is over-expressed. Consequently to
this over-expression and increased activation of anoctamin 1, more CI” will be secreted by
the cells and their homeostasis will be disrupted, which associated to other mechanisms
such as activation of the ERK (MAPK) pathway participates in the formation of cysts.
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4.1 Introduction

The aim of the work presented in this chapter was to identify new targets of mir-193b-3p
and mir-582-5p dysregulated in ADPKD using bioinformatics analyses.

The most promising candidate selected from these analyses was PIK3R1, coding for the
p85a regulatory subunit of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3-K).
PI3-K is an essential enzyme involved in the PI3-K/Akt/mTOR pathway.

4.1.1 The PI3-K/Akt/mTOR and MEK/ERK (MAPK) pathways: brief summary

The PI3-K/Akt/mTOR pathway The PI3-K/Akt/mTOR pathway is a key mechanism
regulating fundamental aspects of cellular function such as transcription and translation
of genes, as well as cell cycle and cell survival. It is a highly complex pathway involving
two main enzymes: PI3-K and Akt (also known as PKB), targeting multiple substrates and
regulated by many other mechanisms. A simplified summary of this pathway is presented
in Figure 4.2 below.
It typically gets activated when growth factors such as EGF (epidermal growth factor),
IGF (insulin-like growth factor) or insulin bind to their receptor (Mendoza et al., 2011).
The regulatory subunit of the PI3-Kinase will then either be directly recruited to the re-
ceptor or indirectly via the intervention of adaptor proteins called GRB2 or IRS1. The
PI3-K enzymes form a family of eight different proteins grouped into three classes (Van-
haesebroeck et al., 2010) based on their lipid substrate preferences and structure. PIK3R1,
my gene of interest, codes for three regulatory subunits belonging to the class 15 PI3-K.
As shown in Figure 4.1, the class I5 of PI3-K is composed of three different catalytic
subunits and five different regulatory subunits. The catalytic subunits are called p110-
o, pl10-B and p110-8, coded by PIK3CA, PIK3CB and PIK3CD, respectively. They
bind to the so-called "p85” regulatory subunits encoded by PIK3RI (p85-a and its two
shorter isoforms p55-a and p50-c), PIK3R2 (p85-f) and PIK3R3 (p55-7) via their p85
binding domain (Engelman et al., 2006). The regulatory subunits contain two SH2 (Src
homology 2) domains that bind to phospho-tyrosine residues on activated receptors or
adaptor molecules such as GRB2 or IRS1 (Zhou et al., 1993), inducing the reversion

of the basal inhibition of the associated p110 catalytic subunit and to the recruitment
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of PI3-K substrate PIP, (Yu et al., 1998). The two longer isoforms (p85-a and p85-f3)
additionally present an SH3 and a BCR homology domains (BHD) which was suggested
to mediate Rab family members activation through addition of GTP or interact with small
GTPases such as Cdc42 or Rac (Fruman, 1998; Chamberlain et al., 2008). The catalytic
subunits are composed of a catalytic domain, a helical domain, a C2 domain, and a Ras
binding domain that binds to Ras and mediates p85 activation (Mandelker et al., 2009).
Mutations causing an increased PI3-K in cancer are most frequently found in PIK3RI,
PIK3R2 and PIK3CA (Jaiswal et al., 2009; Cheung et al., 2011; Samuels and Ericson,
2000).

Helical

Catalytic subunit P85 BD RAS BD C2 Catalytic domain

I p110a, p1108 or p1106

Regulatory
—(SHZ O—( iSH2 G—( SH2 O— p55a or p55y subunit

Figure 4.1: Class I, PI3-Kinase subunits.

The PI3-K class I family is composed of three catalytic subunits p110-a, p110-f8 and p110-6
encoded by three different genes; PIK3CA, PIK3CB and PIK3CD, respectively. They bind to
the regulatory subunits by their p85 binding domain (p85 BD). The regulatory subunits are five
isoforms encoded by three different genes: PIK3RI codes for p85-a and two shorter isoforms
p55-a and p50-a, PIK3R2 codes for p85- and PIK3R3 codes for p55-7.

RAS BD: Ras-binding domain / BHD: BCR homology domain / SH2/3: Src-homology 2/3 domain.

Class I5 PI3-K generate the PIP5 lipid from PIP, (Vanhaesebroeck et al., 2001), which
will activate multiple downstream components including Akt (Klippel et al., 1997; Franke
et al., 1997). The PI3-K are also thought to regulate small GTPases such as members of
the Ras, Rac and Arf families, that will themselves regulate other pathways such as the
MEK/ERK pathway (Welch et al., 2003; Castellano and Downward, 2011; Krugmann
et al., 2002; Eblen et al., 2002).
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After being recruited by PIP3, Akt undergoes phosphorylation by PDKI1 (3-

phosphoinositide-dependent kinase), leading to its full activation (Mora et al., 2004).
pAKkt can activate or inhibit many substrates involved in major pathways such as mTOR,
NF-kB, CREB (cAMP/PKA), GSK3f (Wnt/TCF), caspase 9 or FOXO3 (Zhang et al.,
2011a; Du and Montminy, 1998; Cohen and Frame, 2001; Delcommenne et al., 1998; Bai
et al., 2009; Cardone et al., 1998; Laplante and Sabatini, 2012), leading to increased cell
survival, reduced apoptosis, increased cell growth and cell cycle activation. In particular,
pAkt inhibits the TSC1/2 (tuberous sclerosis) tumour suppressor thereby activating the
mTORCI1 complex (composed of mTOR, raptor (regulatory associated protein of mTOR)
and GBL (mammalian lethal with SEC13 protein 8) (Inoki et al., 2002; Dunlop and Tee,
2009). The latter will then activate the S6K kinase and inhibit the translational inhibitor
4EBP, hence promoting protein synthesis and cell growth (Ma and Blenis, 2009; Hay,
2004; Gingras et al., 1999). mTOR can also associate with GBL, SIN-1 (stress-activated
protein kinase-interacting protein 1) and rictor (rapamycin-independent companion of
mTOR) to form the mMTORC2 complex, which has been reported to have an activating
effect on Akt (Sarbassov et al., 2005).
New substrates of Akt are still being discovered, making this pathway increasingly com-
plex. Indeed, Ersahin et al. recently compiled data from 498 published studies on the
PI3-K/Akt/mTOR pathway and referenced 254 components linked 478 times, showing
that it regulates or is itself regulated by multiple pathways and thus collaborates with
many of them including the Ras/MEK/ERK pathway described hereafter (Ersahin et al.,
2015).
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Figure 4.2: Simplified PI13-K/Akt pathway.

Growth factors or insulin activate PI3-K either directly either through docking protein such as
GRB2 or IRS1. The regulatory subunit of PI3-K then recruits a catalytic subunit which form the
active PI3-K. This enzyme will then generate phosphatidylinositol 3,4,5 triphosphate (PIP3) from
PIP; which will recruit Akt, itself phosphorylated and activated by PDK1. PTEN can inhibit the
pathway by reversing the conversion of PIP3 to PIP,. p-Akt will then mediate the activation or
repression of multiple cellular mechanisms by phosphorylation of proteins such as mTOR, NF-
kB, CREB, GSK3p, Caspase 9 or FOXO3, for example. Green: activation / Red: inhibition
Casp9: caspase 9 / Cat: catalytic subunit / CREB: cAMP response element-binding protein /
FOXO03: Forkhead box O3 / GRB2: Growth factor bound protein 2 / GSK3: Glycogen synthase
kinase 3 B / IRSI: Insulin receptor substrate 1 / mTOR: mechanistic target of rapamycin / NF-

KB: nuclear factor kappa-light-chain-enhancer of activated B cells / PDKI: 3-phosphoinositide-
dependent kinase 1/ Reg: regulatory subunit / TSC1/2: Tuberous sclerosis 1/2.
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The Ras/MEK/ERK pathway (MAPK pathway) A second major pathway regulat-
ing cell proliferation and apoptosis is the MAPK pathway, also called Ras/MEK/ERK
pathway. Ras is an oncoprotein typically activated by the binding of growth factors
such as EGEF, insulin or PDGF (platelet-derived growth factor) to their tyrosine kinase
receptor. The phosphorylation of SH2 residues on the activated receptor mediates the
binding of Grb2 which will then catalyse the exchange of Ras/GDP to Ras/GTP (Mar-
golis and Skolnik, 1994).

Ras then recruits Raf (Rapidly accelerated fibrosarcoma), a serine/threonine protein

kinase (MAPKKK), which will undergo several phosphorylation steps at the S338-339,

Y340—341 S494 S621 8259

and sites, and a dephosphorylation of the site, resulting in its
activation (Pumiglia et al., 1995; Kriegsheim et al., 2006; Fabian et al., 1993; Morrison
et al., 1993; Dhillon et al., 2002a; Diaz et al., 1997; Marais et al., 1995). Ras has also been
reported to activate PI3-K via its Ras-binding domain in the catalytic subunit (Rodriguez-
Viciana et al., 1996; Pacold et al., 2000), whereas Akt was shown to inhibit Raf by phos-
phorylating its S?*° site (Zimmermann and Moelling, 1999; Reusch et al., 2001) meaning
the two pathways can co-activate or co-repress each other depending on factors such as
cell type, developmental stage, intensity of signal or disease state (Mendoza et al., 2011).
Following its activation, Raf will phosphorylate MEK1/2 (MAPK/ERK kinase or
MAPKK) at the S2!8 and S222 sites, leading to its activation (Shapiro and Ahn, 1998;
Lavoie and Therrien, 2015). Interestingly, PI3-K and Akt were shown to activate the
Rac/GTP and PAK proteins, themselves mediating the phosphorylation and activation of
the MEK1/2 and ERK1/2 members of the MAPK pathway, highlighting another relation-
ship between these two pathways (Welch et al., 2003; Chan et al., 2008; Eblen et al.,

2002; Rul et al., 2002).
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Activated MEK1/2 will phosphorylate ERK1/2 (extracellular signal regulated kinase),
a MAPK with over 150 substrates involved in major cellular functions such as cell pro-
liferation and survival (McCain, 2013; Lake et al., 2016). For example, pERK1/2 was
shown to positively regulate Myc, a protein involved in cell growth and differentiation
(Sears et al., 2000; Grandori et al., 2000), as well as RSK (p90 ribosomal S6 kinase) and
Elk-1 which will themselves activate the transcription factors CREB, c-Jun and c-fos,
hence increasing cell proliferation and survival (Whitmarsh et al., 1995; Murphy et al.,
2002; Marais et al., 1993; Anjum and Blenis, 2008; Leppi et al., 1998; Choi et al., 2011).
Moreover, it negatively regulates the tumour suppressor FOXO3 (Yang et al., 2008b)
and GSK3p that is itself a repressor of cyclin D (Ding et al., 2005; Takahashi-Yanaga
and Sasaguri, 2008), hence inhibiting apoptosis and promoting cell cycle progression.
Similarly to Akt, ERK1/2 has also been shown to inhibit TSC1/2 which therefore also
promotes the activation of mTORCI1 and the inhibition of its substrate 4EBP hence
increases the transcriptional activity of the cell (Herbert et al., 2002; Ma et al., 2005).
RSK was also suggested to activate S6 kinase adding to the increased cell growth and
transcription (Roux et al., 2004). Figure 4.3 presents a simplified summary of the

Ras/MEK/ERK pathway.
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Figure 4.3: Simplified RassMEK/ERK (MAPK) pathway.

The binding of growth factors to tyrosine kinase receptors induces the activation of Ras
by exchange of a GDP group with a GTP by the accessory protein GRB2. Activated Ras
mediates activating phosphorylation and dephosphorylation of Raf (MAPKKK), which
will itself phosphorylate and activate MEK1/2 (MAPKK). pMEK1/2 will then activate
ERK1/2, a MAPK responsible for the phosphorylation of over 150 different substrates in-
cluding TSC1/2, c-Myc, RSK, Elk-1, FOXO3 and GSK3, and therefore promoting cell
proliferation, survival and cell cycle progression and repressing apoptosis. The Rac/GTP
protein has been shown to be activated by Akt and PI3-K and to itself positively regulate
PAK, MEK1/2 and ERK1/2. Green: activation / Red: inhibition.

CREB: cAMP response element-binding protein / ERK1/2: extracellular signal-regulated
kinases / FOXO3: Forkhead box O3 / GRB2: Growth factor bound protein 2 / GSK3p:
Glycogen synthase kinase 3 B/ MEK1/2: MAPK/ERK Kinase 1/ PAK: p21 (RACI) activ-
ated kinase 1/ RSK: ribosomal S6 kinase / Rac: Ras-related C3 botulinum toxin substrate
/ Raf: Rapidly accelerated fibrosarcoma / Ras: Rat sarcoma.
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The Akt and ERK pathways in cancer and ADPKD Dysregulation of the PI3-
K/Akt/mTOR and the Ras/MEK/ERK pathways have mostly been reported in cancer,
and several clinical trials are currently being undertaken to develop inhibitors of PI3-K,
Akt and/or mTOR as drugs against cancers (Https://clinicaltrials.gov/, 2017). Among the
mutations leading to this pathway’s over-activation in cancer, the loss of the PTEN tu-
mour suppressor acting as an inhibitor of the PI3-K pathway has been characterised in
several mice models of intestinal, mammary and endometrial cancers (Podsypanina et al.,
1999). Activating mutations of the p110-a subunit encoded by PIK3CA have also been
reported in up to 30 % of cancers such as colorectal, endometrial, breast and prostate
(Engelman, 2009) cancers, as well as mutations in the p85-« regulatory subunit encoded
by PIK3RI reported in human glioblastoma and ovarian cancer (McLendon et al., 2008;
Philp et al., 2001). Furthermore, the oncogenic E17K somatic activating mutation of Akt
has also been discovered in colorectal, lung, ovarian and breast cancers (Carpten et al.,
2007; Malanga et al., 2008; Kim et al., 2008). Asati et al. listed over 50 active or com-
pleted clinical trials for PI3-K/Akt/mTOR drugs development in cancer, illustrating the
promising effect of these treatments for the disease (Asati et al., 2016). As the MEK/ERK
pathway has also been shown to promote cell proliferation and survival, two main factors
of cancer development, notably by the activation of mTORCI, inhibitors of this pathway
are also considered as potential anti-cancer drugs (around 20 referenced clinical trials in
2016, see Asati et al., 2016). Finally, because the two pathways are known to be tightly
interlinked, dual PI3-K/ERK inhibitors are also being developed, for example the combin-
ation of PF-04691502 and PD-0325901 led to inhibition of cells growth in ovarian cancer
(Sheppard et al., 2013) and 3-(2-aminoethyl)-5-(3-phenyl-propylidene)-thiazolidine-2,4-
dione inhibited human leukaemia U937 cells proliferation and limited cell cycle progres-
sion in this model (Li et al., 2010).

In ADPKD, the mTOR pathway has been shown to be over-activated in the cystic cells
and its inhibition to reverse cysts progression. Indeed, phospho-mTOR (activated form
of mTOR) as well as its substrate phospho-S6K were strongly expressed in cysts lining
epithelial cells of kidneys from ADPKD patients and at higher levels than epithelial cells
of healthy kidneys (Shillingford et al., 2006).
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Moreover, in the same study these findings were confirmed in mouse models presenting
a cystic phenotype and the use of rapamycin, an mTOR inhibitor, reduced cystic disease
and promoted apoptosis of cystic epithelial cells (Shillingford et al., 2006). Polycystin 1
was suggested to interact with TSC2, as PKD1 deletion induced an increased expression
of ERK hence indirectly mediated the repression of TSC1/2 and the activation of mMTOR
(Shillingford et al., 2006; Distefano et al., 2009). Additionally, Boehlke et al. sugges-
ted that cilia are also important for the regulation of mTOR implying that this underlies
its dysregulation in ciliopathies such as ADPKD (Boehlke et al., 2010). All these studies
support the idea of developing mTOR pathway inhibitors as drugs against ADPKD patho-
genesis. Two molecules, Sirolimus (commercialised by Pfizer) and Everolimus (commer-
cialised by Novartis), already used, inter alia, to prevent organ transplant rejection, were
the subject of clinical trials for ADPKD until recently. However, the results of these tri-
als were not encouraging and they were subsequently stopped. Indeed, no improvement
of renal function could be detected in the treated group of patients after 18 months to 2
years, and adverse effects such as thrombocytopenia, leucopenia, peripheral oedema and
hyperlipidaemia were observed in patients from the Everolimus study (Serra et al., 2010;
Walz et al., 2010).

Among the explanations given to understand these clinical trial failures, the duration of
treatments was suggested to be too short, the dose of Sirolimus used (calculated in order
to limit side effects and drop-outs) may have been suboptimal to sufficiently inhibit renal
mTOR and the high drop-out rate (due to adverse effects of Everolimus treatment) may
have affected the power of the trials (Novalic et al., 2012; Serra et al., 2010; Walz et al.,
2010; Braun, 2011). Despite these negative outcomes, several studies are still aiming
to develop inhibitors of mTOR as ADPKD treatments. Two clinical trials are currently
recruiting volunteers, and will involve less patients selected under stricter criteria than
previously. The first one consists in administrating one oral dose of 3 mg Sirolimus once
a week to avoid the loss of effect of this compound that could be seen with continuous
exposure (Riegersperger et al., 2015), and the second aims to investigate the effects of
Everolimus on the reduction of native kidney volume in ADPKD patients who have re-

ceived a transplant (Assistance Publique - Hopitaux de Paris, 2017).
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Finally, combined inhibition of mTORC1 and mTORC?2 or of mTORC1 and cAMP
have recently been suggested to be more efficient for reducing cysts growth in ADPKD
based on in vitro experiments on MDCK cells and in vivo trials in mice models of ADPKD
(Ravichandran et al., 2014; Stephanis et al., 2017).

Taken all together, the PI3-K/Akt/mTOR and the Ras/MEK/Erk pathways are major
regulators of cell proliferation, cell survival and cell growth through complex mechanisms
involving reciprocal co-activation and co-repression, and have been linked to the patho-
genesis of ADPKD. Characterising the processes by which these two pathways induce

ADPKD would be important for the development of new treatments for this disease.

4.1.2 Bioinformatics and datasets comparisons for the identification of new

miRNAs targets dysregulated in ADPKD

Following the previous approaches, it was decided that validating the deregulation of the
selected candidates in more than one model was essential to increase the chances to get
consistent results across models and avoid segment-specific or model-specific bias. As
part of a Marie Curie Training Network, I had the opportunity to collaborate with Dorien
Peters’ and Peter-Bram ’t Hoen teams in Leiden. D. Peters’ team uses an inducible Pkd!
knock-out mouse model and performed a high throughput RNA-sequencing to obtain the
expression levels of a large number of genes, 2,376 of which were considered differ-
entially regulated between the PKD model and normal (Malas et al., 2017). They also
generated a "PKD Signature’ database of genes consistently dysregulated in PKD based
on five studies using mice (Menezes et al., 2012 and Malas et al., 2017), human (Song
et al., 2009) and rat models (O’ Meara et al., 2012).

First of all I decided to directly compare our miRNA/mRNA array results with the
Leiden group’s microarray dataset (generated before their RNA-seq dataset mentioned
later in this chapter) and the three others cited above to find mir-193b-3p or mir-582-5p

targets common between two or more studies.
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4.2 Direct comparison of five datasets and selection of PLAU

4.2.1 Selection of targets using direct comparisons and MirTarBase database

Only the mir-193b-3p and mir-582-5p predicted targets found to be deregulated in our
array were compared to the other datasets. Tables 4.1a and 4.1b present the results of
this datasets comparison. A list of 73 down-regulated and 82 up-regulated candidates was

entered for mir-193b-3p and 119 and 174 up and down-regulated genes for mir-582-5p.

Table 4.1: Mir-193b-3p and mir-582-5p targets deregulated in ours and at least two other datasets.

(a) Mir-193b-3p targets

Gene Other datasets Deregulation

PLAU LUMC (Mouse) / Menezes (Mouse) / O’Meara (Rat) Up-regulated

SLC25A45 O’Meara (Rat) / Song (Human) Down-regulated

RIMBP2 O’Meara (Rat) / Song (Human) Down-regulated

(b) Mir-582-5p targets

Gene Other datasets Deregulation

SLC16A1 O’Meara (Rat) / LUMC (Mouse) Up-regulated

RNF145 O’Meara (Rat) / Song (Human) Up-regulated

BNIP2 Menezes (Mouse) / O’Meara (Rat) | Up-regulated

TFEC O’Meara (Rat) / Song (Human) | Down-regulated

SLC16A10 | O’Meara (Rat) / Song (Human) | Down-regulated

RIMBP2 O’Meara (Rat) / Song (Human) | Down-regulated

As my miRNAs of interest were found to be down-regulated in our model, I fo-
cused on their over-expressed targets. One and three up-regulated mRNA targets were
found to be common to our dataset and at least two others for mir-193b-3p (Table 4.1a)
and mir-582-5p (Table 4.1b), respectively. In order to shorten this list the MirTarBase
(http://mirtarbase.mbc.nctu.edu.tw/) database that lists experimentally validated miRNA-

target interactions was then consulted.
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As none of the mir-582-5p targets had been validated and only one of the predicted
mir-193b-3p targets came out of this analysis, namely PLAU, also found in the two other
mouse studies and the rat study, this particular gene was chosen as a candidate for further

experiments.
4.2.2 Measure of PLAU deregulation by (sq) RT-PCR in human cells

First of all, the expression of PLAU was measured in three independent batches of 2
normal and 4 cystic cell lines to see if there was a consistent up-regulation of this mRNA

in ADPKD compared to normal.
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Figure 4.4: Real-time PCR to measure the relative expression of PLAU in 6 human cell lines.
(a) Representative example of the three repeats: PLAU expression was measured in 2 normal
(white bars) and 4 cystic (grey bars) cell lines. The values are represented as fold change compared
to both normal cell lines (RFH and UCL93). (b) Combined data from three repeat experiments
(n=3) grouping WT cells (white bar) and ADPKD cells (grey bar).

As shown in Figure 4.4a, representative example of the three repeats, only one cell
line (SKIOO01) consistently over-expressed PLAU between batches. As a result, there was
no significant increase in ADPKD compared to normal in our human cells models (Figure
4.4b). Because SKIO01, a human ADPKD cell model, showed a rather high increase and
PLAU was found over-expressed in three other studies, it was still decided to study its

dysregulation in the mouse model.
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4.2.3 Expression of Plau in mouse cells and kidney tissue

The expression of Plau was measured in two mouse cell lines (F1 and MEK) as well as

mouse kidney tissue at 4 weeks of age.

(a) (b) (c)
Plau
Plau in F1 cells Plau in MEK cells in 4 weeks old NeoLox mice
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Figure 4.5: Real-time PCR to measure the relative expression of PLAU in 2 different mouse
cell lines and 4 weeks old NeoLox mice kidneys.

(a) PLAU expression was measured in F1/WT (white bars) and F1/Cre (grey bars) cells (n=3), as
well as (b) in MEK WT (white bars) and Null (grey bars) (n=3). The values are represented as
fold change compared to normal cells (c) Expression of PLAU in 2 males and 2 females wt,wt and
2 males and 2 females nl,nl of 4 weeks of age.

*kE* n0.0001 (Unpaired t-test)

To observe a consistent result between human and mouse models, an over-expression
of Plau would be expected in the F1 cells, MEK cells and/or kidney tissues. However,
the F1 cells showed no change in Plau expression level (Figure 4.5a) and showed a strong
down-regulation in MEK (Figure 4.5b) and kidneys (Figure 4.5¢). As a result, although
this gene was selected because found up-regulated in several studies and models, Plau
was not selected for further experiments as no similar results could be replicated in the
various models tested.

Consequently, as our partners in Leiden had since generated a new dataset from an RNA-
seq experiment and created a "PKD Signature’ database, we collaborated to perform a
Gene Set Enrichment Analysis to identify not only genes but also pathways that were
enriched in ADPKD. This more complete systems biology approach aimed to widen the

range of discoveries and at the same time find links between candidates.
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4.3 Gene Set Enrichment Analysis and selection of new targets

4.3.1 GSEA results

To prepare the lists of genes to enter into the MSigDB software, all deregulated mRNAs
from our study were combined to the Leiden group’s dataset as well as the three other
datasets previously cited. This gave me a list of all deregulated genes in at least one
model of ADPKD. The TargetScan and MirTarBase prediction tools were then used to
generate the list of predicted and validated targets for mir-193b-3p or mir-582-5p and the
results were crossed with our list of all genes deregulated in at least one ADPKD model.
Next, these lists were entered into MSigDB which gave an overview of the Top 100 most
enriched pathways, gene sets and biological processes. These results were then sent to
the Leiden group who crossed them with their ’PKD Signature’ to find the most relevant
connections and then sent back a list of the most significantly and strongly enriched path-
ways etc. as well as genes from these categories that were found in at least two datasets.
The results at the end of the process are presented in Table 4.2 below. I also generated
similar tables for the two miRNAs predicted targets but not necessarily dysregulated in
ADPKD models (not shown). These were less informative as they gave much wider res-
ults and only an indication of the influence of the under-expression of my two miRNAs.
Indeed, the non-restrictive list processed 931 genes for mir-193b-3p and 663 for mir-
582-5p, compared to 305 and 246 genes when it was restricted to targets deregulated in

ADPKD. Hence, I only worked on the latter for further exploratory experiments.
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Table 4.2: GSEA results for mir-193b-3p (top) and mir-582-5p (bottom) targets found up-
regulated in at least two datasets.

! p-value
ADPKD Targets (mir-193b-3p) p-vatue
(Cells) .
Signature)
EPITHELIAL_MESENCHYMAL
8.83E-006 | 4.89E-026 | MCM7 LOXL1 | LAMC2 | FLNA
_TRANSITION
DNA _REPLICATION 3.96E-010 | 4.58E-005 | MCM5 MCM6 | MCM7 | POLE
UV_RESPONSE 0.0377 7.94E-008 || IGFBP5
ESTROGEN_RESPONSE_EARLY | 0.000315 | 8.06E-011 | KRT19
PEROXISOME 4.63E-005 | 1.34E-013 | SLC23A2
MCM_PATHWAY 4.41E-006 | 0.00104 MCM7 MCM6 ‘MCMS CDT1
XENOBIOTIC_METABOLISM 0.00185 3.49E-021
FATTY_ACID_METABOLISM 0.015 1.92E-020
IL6_JAK_STAT3_SIGNALING 0.0463 5.54E-009
MISMATCH_REPAIR 1.44E-005 | 0.0233 MSH6
MITOTIC_SPINDLE 9.20E-011 | 6.11E-008 || CDK1 FLNA KNTCI1 | KIF22
ACTIVATION_OF_THE
9.50E-008 | 4.42E-006 || MCM7 MCM6 | MCM5 | CDT1 | POLE
_PRE_REPLICATIVE_COMPLEX
DNA _REPLICATION 8.14E-010 | 3.64E-007 || CDTI MCM5 MSH6 | MCM7 | POLE | RAD5]1
MYC_TARGETS_V1 2.64E-020 | 1.35E-006 | MCM7 MCM6 | MCM5
ESTROGEN_RESPONSE_LATE | 0.000315 | 4.88E-010 | LAMC2 | KRT19
ADIPOGENESIS 0.0277 495E-014 || ESYTI
ANDROGEN _RESPONSE 0.0156 9.94E-006 || KRT19 SLC38A2
UNWINDING_OF_DNA 0.000998 | 0.00071 MCM7 MCM6 | MCM5
1 p-value
ADPKD Targets (mir-582-5p) p-vaie (PKD
(Cells) .
Signature)
EPITHELIAL_ MESENCHYMAL
0.0121 4.89E-026 GJA1 FBN1 FSTLI
_TRANSITION
ESTROGEN_RESPONSE_EARLY 0.000786 8.06E-011 SLCI6Al | GJAIL
HYPOXIA 0.0121 1.16E-015 CDKNIA | TES
UV _RESPONSE 6.09E-011 7.94E-008 GIALl LPARI CELF2
WNT_BETA_CATENIN_SIGNALING | 0.00621 0.00194 AXIN2
PROTEIN_SECRETION 0.00696 0.0162
MITOTIC_SPINDLE 2.47E-006 6.11E-008 MYO9B
ANGIOGENESIS 0.0363 9.94E-006 FSTL1
ESTROGEN_RESPONSE_LATE 0.000786 4.88E-010 SLCI6A1
P53_PATHWAY 0.0035 2.99E-013 CDKN2B | CDKNIA ’ ZMAT3 ‘ CSRNPZ‘
ANDROGEN _RESPONSE 1.62E-005 9.94E-006 SLC38A2
CELLULAR_RESPONSE_TO
0.0267 2.08E-005 CDKN2B | CDKNIA

_EXTRACELLULAR_STIMULUS
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<— The enriched pathways, biological processes and gene sets are indicated with the
significance value of their deregulation in our dataset (”Cells”) and Leiden’s PKD Sig-
nature. The genes involved in these processes and found up-regulated in at least two
studies are indicated.

Genes in blue boxes were selected for further validation experiments.

18 and 12 processes were identified for mir-193b-3p and mir-582-5p, respectively.
For both miRNAs, the most enriched element was the epithelial/mesenchymal transition,
from which I selected MCM7 (mir-193b-3p) and FSTLI (mir-582-5p). Other interesting
pathways or gene sets identified were the responses mechanisms to hypoxia (CDKNIA,
TES), UV (IGFBPS5, CELF?2) or oestrogens/androgens (KRT19), for example. Pathways
more or less directly linked to cancer such as MYC (MCM5, MCM6, MCM?7) and p53
(CDKNIA) were also significantly enriched in ADPKD models. Literature search was
performed to find information about all the previously indicated targets and pathways and
to identify the potentially most relevant for ADPKD pathogenesis (blue boxes in Table
4.2). This led to the selection of 8 genes involved in 12 enriched pathways for mir-193b-

3p and 4 genes from 6 pathways for mir-582-5p.
4.3.2 Validation of targets selected from GSEA/MSigDB analysis

(sq) RT-PCR were performed on three different batches of three normal (CL11, RFH and
UCL93) and four cystic (Ox161c1, SKIO01, Ox938 and SKI002) human kidney cell lines
to validate the over-expression of my previously selected targets. The combined results
of these measurements are presented in Figure 4.6. The details of the fold change values
in the various tested models can be found in the summary Table 4.3 at the end of this

chapter.
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Figure 4.6: Real-time PCR to measure the relative expression of targets selected from GSEA
analysis in 9 human cell lines.
The mRNA expression levels were measured in 3 normal (white bars) and 4 cystic (grey bars)
cell lines in three independent batches of cells (n=3). The values are represented as fold change
compared to normal cell lines (CL11, RFH and UCL93). The squares signal the genes selected

for the next experiments.

*¥0.05>p>0.01 **%0.01>p>0.005 *** 0.005>p>0.0001 **** p<0.0001 (t-test with Welch’s cor-

rection)
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Out of the 13 genes selected, five were found significantly (CELF2 at 21.3-fold,
IGFBPS5 at 328-fold, FSTLI at 1.87-fold, KRT19 at 7.96-fold) or trending towards (KIF22
at 1.9-fold) an up-regulation in ADPKD compared to Normal and thus selected for valid-
ation in the mouse model. MCM5 and CDK1 were also found over-expressed in ADPKD
but not consistently enough between cell lines so were not taken through for further ex-
periments. The other genes (TES, MCM6, MCM7, POLE, CDKNIA) did not show any
up-regulation in ADPKD, two of them (POLE and CDKN1A) were even under-expressed
in cystic cells which was opposite to what was expected. The five genes selected were

then measured in mice models.
4.3.3 Validation of GSEA candidates in mouse cells and kidneys

(sq) RT-PCR were performed in three different mouse models: MEK WT/Null cells,
F1/WT / F1/Cre cells and 4 or 10 weeks old NeoLox mice kidneys. For more clarity,
only the results from the two genes that were the most interesting from these experiments
(Figure 4.7), CELF2 and IGFBPS5, are presented. The results for the three other genes are

indicated in the summary Table 4.3.

179



Chapter 4. Results

Laura Vergoz

(a)

Celf2 in F1 cells

N
o

Fold change
o o = = N
e @ 2 @ 2

Fold Change

F1WT F1/Cre
(b)
Celf2 in MEK
1.5 %
§1.o-
2
o
3
- -
0.0
MEK +/+ MEK /-
(d)
Igfbp5 in F1 cells
15
°g”1 o !
2
o
3
Sos
0.0
F1/WT F1/Cre
(e)
Igfbp5 in MEK

N
o

Fold change

o a N
e 9 2 9 2 ]
L{ ‘*
*
*

MEK +/+ MEK -/-

(c)

Celf2

in 4 and 10 weeks old NeoLox mice

*

wt,wt nl,nl wt,wt nl,ni
4 weeks 10 weeks
()
Igfbp5
in 4 and 10 weeks old NeoLox mice
2.5 "
2.0 on .
)
8') =
© 1.51 Con
< ]
O 3
1.0 ——
)
LL L]
0.5 : .
0.0 T
wt,wt ni,nl wt,wt nl,nl
4 weeks 10 weeks

Figure 4.7: Real-time PCR to measure the relative expression of Celf2 and Igfbp5 in three

different models of mouse.

The mRINA expression levels were measured in (a), (d) FI/WT and F1/Cre (n=3), (b), (¢) MEK
WT and MEK Null (n=3), (¢) and (f) 5 males and 5 females WT and 5 males and 5 females
NeoLox at 4 weeks and 3 males and 3 females WT and 3 males and 3 females NeoLox at 10
weeks. The values are expressed as fold change compared to WT (white bars) for each time point
and the NeoLox (ADPKD) represented by the grey bars. Males are materialised as squares and

females as circles.

*p=0.016 and p=0.011 (Unpaired t-test)
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Celf2 showed opposite results between the different mouse models used. It was up-
regulated 3.4-fold in 4 weeks old NeoLox mice kidneys (Figure 4.7c), showed a non
significant trend to an up-regulation in F1/Cre cells (Figure 4.7a), was unchanged in 10
weeks old NeoLox mice kidneys (Figure 4.7¢c) and was down-regulated in MEK Null cells
(Figure 4.7b). Igfbp5 was significantly up-regulated 20-fold in MEK Null compared to
WT (Figure 4.7e), showed no change in F1 cells or 4 weeks old mouse kidneys (Figures
4.7d and 4.7f) and was significantly reduced in 10 weeks old mouse kidneys (Figure 4.7f).
Globally, although these genes’ over-expression was not consistent between all models,
they were the two most promising ones out of the five previously mentioned and I went on
with their characterisation by cloning part of their 3’UTR sequence and performing dual-

reporter luciferase assays to study their interaction with mir-193b-3p and mir-582-5p.

4.3.4 Characterisation of selected GSEA genes interaction with my two miRNAs of

interest

CELF?2 and IGFBP5 are predicted targets for mir-582-5p and mir-193b-3p, respectively.
The potential seed sequences for both of these couples that were cloned and inserted into
a pmirGLO vector are indicated in Figures 4.8a and 4.8b. Dual-reporter luciferase assays
were performed to evaluate and validate the interaction between the genes of interest
and their respective miRNAs. After many attempts, the insertion of mutations in the
CELF2 3’UTR sequence was unsuccessful, leading me to stop working further on this
gene. Mutagenesis of IGFBPS5, however, was successful and the effect of inserting four
mutations in the mir-193b-3p seed sequence on the fluorescent signal (Figure 4.8¢e) could

be analysed.
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Figure 4.8: Interaction between mir-582-5p and CELF2 and mir-193b-3p and IGFBPS5.
Predicted seed sequence of (a) mir-582-5p in CELF2 3’UTR and (b) mir-193b-3p in /GFBP5
3’UTR (source: www.microrna.org). mirSVR score: see Betel et al. Genome Biology, 2010 and
PhastCons score: see http://compgen.cshl.edu/phast/. (c), (d) Dual-reporter luciferase assays (n=3)
showing the Negative-miRNA-transfected condition (control) as a reference and the reduction of
fluorescent signal compared to the control in (¢) mir-582-mimic-transfected conditions at 10 and
50 nM miRNA concentration (CELF?2) or (d) mir-193b-mimic-transfected conditions at 10 and
50 nM miRNA concentration (/IGFBPS5). (e) Dual-reporter luciferase assays (n=4). Intensity of
fluorescence represented as percentage of control condition (Negative miRNA-transfected cells)
with WT (left) and mutant (right) /IGFBP5 3’UTR sequence (miRNA at 10 and 50 nM).
*Ex% < (0.0001 (Unpaired t-test)

As shown in Figure 4.8, transfection of cells with mir-582-5p mimic and mir-193b-
3p mimic induced a strong and significant reduction of the fluorescent signal from the
pmirGLO vectors containing CELF2 3’UTR (Figure 4.8c) or IGFBP5 3’UTR (Figure
4.8d), respectively. This reduction was dose-dependent: at 10 nM the signal is reduced
by 33 % (CELF2) and 34 % (IGFBP5), and reduced by 49 % and 57 % at 50 nM of
miRNA mimic. Mutating four bases of the /IGFBP5 3’UTR induced a significant but
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low restoration of the signal (from 68 % reduction to 84 % at 50 nM), suggesting that the
couple mir-193b-3p/IGFBP5 may interact weakly in vitro at the level of the seed sequence
cloned into the pmirGLO vector.

The next experiment presented in Figure 4.9 consisted in transfecting UCL93 cells
with mir-193b mimic or mir-582 mimic or Ox161cl with mir-193b inhibitor or mir-582
inhibitor and measure the mRNA levels of IGFBP5 and CELF?2 in these cells 72 hours
after transfection. Transfections are expected to induce an increased expression with the

inhibitors and a decrease with the mimics.
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Figure 4.9: CELF2 and IGFBP5 expression in miRNA-transfected cells.

Real-time PCR quantifying the levels of expression of (a) CELF2 in UCL93 transfected with
mir-582 inhibitor and Ox161cl transfected with mir-582 mimic and in (b) /GFBP5 in UCL93
transfected with mir-193b inhibitor and Ox161c1 transfected with mir-193b mimic. The values are
expressed as fold change compared to UCL93 transfected with Negative control miRNA (control
condition).

n=3, ** p<0.002 *** p=0.001 (Unpaired t-test)

CELF?2 was increased 529-fold in Ox161cl (cystic) compared to UCL93 (normal),
confirming that this gene is consistently up-regulated in our ADPKD cells across batches.
This was not visible for IGFBPS5, as there was no significant difference between the two
cell lines. Transfecting cells with the genes’ relevant miRNA mimic induced an increased
expression for both of them. This increase was much less important or significant for
CELF?2 than IGFBP5, with a fold change of 3.2 for the former (Figure 4.9a) compared to
14 for the latter (4.9b). Transfection of cystic cells with miRNAs mimics, however, had a

limited effect on their respective targets’ expression.
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The reduction of CELF2 expression was not significant and the levels of IGFBP5 were
reduced to about half of the basal levels.

Because I did not manage to obtain a mutant sequence of the mir-582-5p seed sequence
on the CELF2 3’UTR, and the transfection with miRNAs was not entirely convincing,
the relevance of this candidate for a miRNA-associated work was difficult to prove. Fur-
thermore, the variability between models for both CELF2 and IGFBPS incited me to stop
working on these targets and focus on the candidate identified and mentioned in the fol-
lowing section, PIK3R1, as it seemed more promising.

Indeed, in parallel of the validation experiments for the GSEA-selected targets, I had
access to the data from the Leiden group’s high throughput RNA-seq experiment on a
conditional Pkdl knock-out mice model. They measured the expression of thousands of
genes in mice at different ages and plotted the values for each one to represent a virtual

over time expression level evolution.

4.4 Box plots: comparison of common genes with Leiden’s RNA seq

dataset and selection of PIK3R1

4.4.1 Box plots obtained from Leiden after sending the list of my genes of interest

Dorien Peters’ team in Leiden kindly provided me with the values of expression levels
of my genes of interest in their conditional Pkdl knock-out model, generated from an
RNA-seq analysis (published since as Malas et al., 2017). Their mice were part of three
different groups: the first group was given Tamoxifen at 3 months of age and sacrificed 1,
2 or 5 weeks after this stage ("Mild” group, boxes 2, 3 and 4 in Figure 4.10). The second
group was given Tamoxifen at 40 or 38 days of age and sacrificed 86 or 88 days later,
1.e. around 12 weeks ("Moderate” group, boxes 5 in Figure 4.10). Finally, the last group
(”Severe” group, box 6 in Figure 4.10) was given Tamoxifen at 38 days and sacrificed 109
days later, i.e. around 15 weeks.

I sent my list of predicted targets for both miRNAs to the Leiden group, for which they
sent me back the box plots in all mice groups. Most of the genes coming out of this ana-
lysis did not show any increase over time and a rather large proportion of them were even

down-regulated in ADPKD mice compared to control.
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Out of the 62 candidates for mir-193b-3p and 102 candidates for mir-582-5p, three ap-
peared as interesting candidates based on their progressive increase in mRNA levels with
ADPKD stages but also on their function and pathway from literature-based search. These
three genes, also found up-regulated in our initial parallel mRNA/miRNA microarray,
were Pik3rl, Slco2al and Shroom3. Pik3rl and Slco2al are predicted targets for mir-
193b-3p and Shroom3 for mir-582-5p.

(a) (b) (c)
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6.0- gz.mnd (1 wk)
5.6=
6.4~ -3, Mild (2 wks)
56- 54~
‘ 4. Mild (5 wks)
6.0~ ¢
59 5.2- - 5. Moderate (12 wks)
56- L4 5.0- E 5. Moderate (12 wks)
0
1 [ 1 1 [ 1 1 4.8- 1 1 ' 1 1 ] 1 1 1 1 1 1 1 1 E 6. Severe (15 WkS)

Figure 4.10: Box Plots representing the expression of Pik3rl, Slco2al and Shroom3 in
CreLox PkdI”~ mice at different ages.

Expression levels are expressed as log2 of cpm (count per million) for each group of mice for
(a) PIK3RI1, (b) Slco2al and (c) Shroom3. The seven groups are, from left to right, control mice
(orange box), Mild ADPKD mice (yellow, light green and dark green boxes), Moderate ADPKD
mice (blue and purple boxes) and Severe ADPKD (pink boxes). Single dots represent outliers in
the group plotted on the same vertical line.

These three genes showed a global increase in expression over time. Although only
Shroom3 was constantly increased between mild, moderate and severe ADPKD, Pik3rl
expression was increased in the mild groups, one of the two moderate groups and the
severe groups, which means that it was over-expressed compared to control mice at every
time point, with a strong increase in the severe stage mice. Slco2al expression was the
most variable, with an up-regulation in the first two groups of mice, followed by a de-
crease to levels below the control in the next three time points, and then a strong increase
again in the severe stage mice. Because these genes were the candidates with the most
interesting potential function in ADPKD and the most visible increase over time, I then

aimed to validate their deregulation in our human cells.
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4.4.2 Expression of PIK3R1, SLCO2A1 and SHROOM3 in three different batches

of normal and cystic human cells

Semi-quantitative real-time PCR were performed to validate the deregulation of the genes
selected from the dot plots in our human cell lines (Figure 4.11). It was decided to perform
this experiment in three independent batches of 6 cell lines to be able to observe a con-

sistent deregulation rather than a batch-dependent non relevant up-regulation in ADPKD.
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Figure 4.11: Real-time PCR to measure the relative expression of PIK3R1, SHROOM3 and
SLCO2A1 in 6 human cell lines.

(a) PIK3RI, (b) SHROOM3 and (c) SLCO2A1 expression was measured in three independent
batches (n=3) of 2 normal (white bars) and 4 cystic (grey bars) cell lines. The values are repres-
ented as fold change compared to both normal cell lines (RFH and UCL93).

** p=0.0018 *** p=0.0001 **** p<0.0001 (t-test with Welch’s correction)

As shown in Figure 4.11a, PIK3R1 was consistently over-expressed in the cystic cells
compared to normal by a fold change of 3.75, which supports the data from our microar-
ray as well as what was observed by Dorien Peters’ team and shown above as dot plots
graphs. Ox161c1 and SKIOO1 were the most consistent cell lines in this gene’s up regula-
tion, while SKI002 showed an increase of PIK3R1 mRNA expression in two out of three
batches (data not shown). The global up-regulation of SHROOM3 and SLCO2A1 (Fig-
ures 4.11b and 4.11c), although significant, hides the fact that only one of the cell lines
(SKI001 for SHROOM3 and Ox161cl for SLCO2A1) was consistently over-expressing
these genes’ mRNA. These genes’ expression was then measured in two different models
of mouse cells in order to avoid a bias in the deregulation of the gene due to the human
cells model as was previously shown with CALBI and CLICS5. As no up-regulation could
be seen for Shroom3 and Slco2al (data not shown, see summary in Table 4.3), I decided

to focus on Pik3rl and the following data will be related exclusively to this candidate.
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4.4.3 Expression of Pik3rl in two different models of mouse cells

In order to confirm what was observed in the human cells in the mouse model, Pik3r!

expression was compared between WT and ADPKD in MEK and F1 cells.
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Figure 4.12: Real-time PCR measuring the expression of Pik3rl in (a) F1/Cre and (b) MEK

cells.
The values are expressed as a fold change in Cystic cells (grey bars) compared to Normal (white

bars).
* p=0.04 ** p=0.006 (Unpaired t-test)

Although the F1 model showed a down-regulation in ADPKD (F1/Cre) compared to
WT (Figure 4.12a), in the MEK model (Figure 4.12b), Pik3rl was highly and signific-
antly up-regulated in ADPKD (MEK™) compared to Normal (MEK WT). This is similar
to what was found in the human cells, with an expression increased by 5.8-fold. The
following step was to measure the expression of this gene in mouse kidneys at 4 and 10
weeks of age, in order to get the most thorough and accurate overview of its deregulation

in ADPKD.
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4.4.4 Expression of Pik3rl in NeoLox mouse kidneys at 4 and 10 weeks

The comparative expression of the gene of interest Pik3r/ was measured in an orthologous
Pkd ™™ mouse model, in which the expression of Pkdl is reduced, and that reaches its
maximum kidney-to-body-weight ratio 2KW/BW) at 4 weeks of age. Figure 3 presents
the changes of expression of this gene measured by (sq) RT-PCR in the disease model

nl,nl compared to WT at 4 and 10 weeks of age.
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Figure 4.13: Differential expression of Pik3rl in the kidney of 4 weeks old and 10 weeks old

NeoLox mice.

The values are represented as fold changes compared to all WT mice. Kidneys were extracted
from five males and five females wt,wt as well as five males and four females nl,nl mice of (a) 4
weeks and five males and five females of (b) 10 weeks of age. Males are symbolised as squares

and females as circles.
* p=0.006 *** p=0.001 (Unpaired t-test with Welch’s correction)

Pik3rl was significantly over-expressed in ADPKD compared to WT in the NeoLox
mouse model at 4 and 10 weeks, with fold change values of 3.71 at 4 weeks and 2.3 at
10 weeks. In Figure 4.14 (sq) RT-PCR was used to compare the changes in expression of
Pik3rl between males WT and NeoLox and between females WT and NeoLox, to study

any effect of gender on the deregulation of the gene.
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Figure 4.14: Differential expression of Pik3rl in the kidney of 4 weeks and 10 weeks old

female or male NeoLox mice.
The values are represented as fold changes compared to WT mice of the indicated gender. (a),(c)

female NeoLox (b),(d) male NeoLox.
** p=0.0027 (Unpaired t-test)

Although no difference between genders can be seen at 4 weeks, Pik3rl was signific-
antly up-regulated in male but not in female mice at 10 weeks. Although there was a trend
to an up-regulation in females (Figure 4.14c), this was not significant and seemed due to
the presence of an outlier in the NeoLox mice that skewed the results towards an over-
expression. The males however, all showed an increase of Pik3rl expression in ADPKD
which resulted in a significant 2.6-fold increase compared to their WT counterparts (Fig-
ure 4.14d). At 10 weeks, the male-to-female ratio went from 1.04 to 1.3, supporting an
enrichment of PIK3RI in the former and not in the latter.
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4.4.5 Expression of the PI3K-p85« protein in normal and cystic human cell lines

This study’s gene of interest PIK3RI codes for the most common regulatory subunit of
the PI3-K enzyme, p85a. The proteins from five normal and four cystic renal human cell
lines were extracted and a Western blot was run for PI3K-p85a. Indeed, as PIK3RI is
over-expressed by 2-fold in these cells, the aim was to see whether the deregulation that
was observed at the mRNA level could be confirmed and detectable at the protein level.
As shown in Figures 4.15a and 4.15b, the anti-PI3K-p85a antibody detects a specific
band of the predicted molecular weight (85 kDa). Indeed, after efficiently transfecting
cells with an anti-PIK3R1 siRNA, with a 70 % reduction of the mRNA expression, the
band corresponding to the correct size of the protein disappears.

Following this, a Western blotting of PI3K-p85a was performed in all our cell lines.
The results of this experiment are presented in Figure 4.15¢c. PI3K-p85a was strongly
up-regulated in the cystic cells (Ox161c1, SKI001, Ox938 and SKI002) by 5.7-fold com-
pared to normal. Figure 4.15d shows the expression of PI3K-p85« corrected for the
B-actin loading control. Ox161cl and SKIO01 showed the highest PI3K-p85¢ increase
and SKI002 the lowest.
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(a) gPCR on siRNA-transfected cells (b) Immunoblotting on siRNA-transfected cells
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(c) Expression of PI3K-p85« in five normal and four cystic human kidney cell lines
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Figure 4.15: Validation of anti-PI3K-p85¢ antibody by siRNA transfection and Western
blotting and expression of p85-« in nine human cell lines.

The specificity of the PI3K-p85« antibody was first validated by knocking-down PIK3R1 expres-
sion using siRNA, (a) checking its efficiency by qPCR and (b) blotting the corresponding protein.
(c) 20 ug of protein from each cell line (five normal cells: CL5, CL8, CL11, RFH and UCL93
(white bars) and four cystic cells: Ox161c1, SKIO01, Ox938, SKI002 (grey bars)) were run in a
10 % SDS-PAGE gel and marked for f-actin (loading control, 42 kDa) or PI3K-p85a (85 kDa).
(d) The p85-at/B-actin ratio was calculated for each cell line. (e) The p85-a/B-actin ratio was
expressed as fold changes compared to the average value in WT cells.

** p=0.006 **** p<0.0001 (Unpaired t-test)

191



Chapter 4. Results Laura Vergoz

The up-regulation of Pik3rl having been proved in several models and at both the
mRNA and protein level, the focus was then put on its interaction with his predicted

partner mir-193b-3p that was up-regulated in our microarray (see above).

4.4.6 Prediction and demonstration of the interaction between mir-193b-3p and
PIK3R]1 using dual-reporter luciferase assays and transfection of normal and

cystic human cells

First of all, the probability of PIK3R! to be a target for my miRNA of interest mir-193b-
3p was assessed. Using the miRWalk multiple databases prediction tool, all the available
databases were selected to identify how many of them predicted an interaction between
PIK3RI and mir-193b-3p (Figure 4.16a).

Out of twelve algorithms, six (MicroT4, miRMap, MiRNAMap, RNA22, RNAhybrid,
TargetScan) predicted mir-193-3p to target PIK3RI. For the mouse orthologs, four al-
gorithms predicted this interaction. This ranked mir-193b-3p in the top 7 % and 33 %
of all miRNAs predicted to interact with PIK3R1 by at least one algorithm in human and
mouse, respectively. Mir-582-5p was not predicted to be a target for this gene in mouse
(not shown). I considered this was enough information to support the probability of an
interaction between PIK3R1 and mir-193b-3p, so went on to carry out dual-reporter luci-
ferase assays to validate this hypothesis.

Part of the human PIK3R1 3’UTR sequence was cloned into a pmirGLO vector coding
for an upstream renilla reporter and a downstream firefly reporter. This insert contains the
predicted seed sequence for mir-193b-3p on PIK3R1 (Figure 4.16b). Similarly to what
was done in the previous chapter (Figure 3.10), the fluorescent signal is at its maximum
when no element can prevent the transcription of the firefly luciferase reporter, while a
miRNA targeting the seed sequence coded upstream of this reporter would prevent or

limit its transcription and consequently reduce the fluorescent signal recorded.
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(a) MiRWalk multiple databases prediction results in human and mouse
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Figure 4.16: PIK3R1/mir-193b-3p interaction.

(a) Results from mirWalk 2.0 multiple databases prediction for mir-193b-3p/Pik3rl interaction
in human and mouse. (b) Predicted seed sequence of mir-193b-3p on PIK3RI 3’UTR (source:
www.microrna.org). mirSVR score: see Betel et al. Genome Biology, 2010 and PhastCons
score: see http://compgen.cshl.edu/phast/. (c) Dual-reporter luciferase assays (n=3) showing the
Negative-miRNA-transfected condition (control) as a reference and the reduction of fluorescent
signal compared to the control in mir-193b-mimic-transfected conditions at 10 and 50 nM miRNA
concentration. (d) Dual-reporter luciferase assays (n=3) intensity of fluorescence values repres-
ented as percentage of control condition (Negative miRNA-transfected cells) with WT (left) and
mutant (right) PIK3RI 3’UTR sequence at 10 and 50 nM miRNA concentration.

*#% p=0.0003 **** p<0.0001 (Unpaired t-test)
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As shown in Figure 4.16c¢, transfection of HEK cells with mir-193b-3p mimic induced
a significant reduction of fluorescent signal at 10 nM (43 % reduction) and 50 nM (54 %).
This suggests an interaction between the PIK3RI 3’UTR cloned sequence and mir-193b-
3p mimic. When 4 mutations were introduced in the seed sequence for this miRNA, the
signal was partially but significantly restored to 80 % of control (20 % reduction) at 10
nM and 62 % of control (38 % reduction) at 50 nM (Figure 4.16d). It was concluded
that mir-193b-3p does at least in part interact with PIK3RI 3’UTR at the selected seed
sequence.

The next analyses aimed at proving the PIK3RI/mir-193b-3p interaction in a more
physiological context, namely normal and cystic human kidney cell lines. In Figure 4.17,
UCL93 (normal) and Ox161cl (cystic) were transfected with Negative control or mir-
193b inhibitor or mir-193b mimic, respectively. The expression of the gene of interest
was then measured in the different conditions using real-time PCR (Figure 4.17a). First
of all, the expression of PIK3RI at the basal level was increased by 2.8-fold in cystic
cells compared to normal, confirming results shown previously in previous batches and
the relevance of this particular batch of cells for my study. Transfecting UCL93 with mir-
193b inhibitor induced an increase of PIK3R1 expression by 1.7-fold while transfection
of Ox161cl with mir-193b inhibitor had the opposite effect which was a strong reduction
of PIK3R1 expression by 8.4-fold. This was expected as inducing a reduction of miRNA
levels should lead to less down-regulation of its target gene, and the opposite effect should
be seen when miRNA levels increase.

Similar transfections were performed on another batch of UCL93 and Ox161cl and
Western blotting of PI3K-85a and 3-actin control was carried out, and the intensity of the
bands as well as the ratios PI3K-85a/-actin were measured (Figures 4.17b and 4.17c¢).
Similarly to what was found by (sq) RT-PCR on another batch of cells, the basal difference
of expression could be seen between normal and cystic cells and transfections with mir-
193b inhibitor or mir-193b mimic induced an increased or reduced level of PI3K-85¢ in

two repeats of the experiment.
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Figure 4.17: PIK3R1/mir-193b-3p interaction in human kidney cells.

(a) Real-time PCR quantifying the levels of expression of PIK3RI in UCL93 transfected with
mir-193b inhibitor and Ox161c1 transfected with mir-193b mimic. The values are expressed as
a fold change of the control condition (UCL93 with Negative miRNA). (b) Western blotting of
PI3K-p85¢ in UCL93 untransfected (Ctrl) or transfected with Negative control (Neg) or mir-
193b inhibitor (Inh) and Ox161c1 untransfected or transfected with Negative control or mir-193b
mimic. (c) Quantification of bands intensity from 2 repeats of Western blotting. Represented as
PI3K-p85a/B-actin control ratio and as percentage of value in no miRNA control condition in
UCL93.

* p=0.03 ** p=0.0022 (Unpaired t-test)

All added together, I proved by different techniques that PIK3RI is increased in
ADPKD and is a target for mir-193b-3p.

The next steps of my analysis were to prove that PIK3R]1 is involved in the development

of cysts and ADPKD.
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4.4.7 3-Dimensional cyst assays and role of PIK3R1 in cyst development

3D cysts assays are useful to study the development of cysts in culture, as the cells grow
in a 3 dimension matrix and can form cysts more or less large depending on the medium
and culture conditions. I first decided to test different conditions to optimise the assay for
my particular study, since IGF-1 acts on a similar pathway as insulin added as a supple-
ment of insulin-transferrin-selenium (ITS), usually added to culture media for epithelial
cells. Therefore two different medium conditions were chosen; a “full” medium contain-
ing all the usual chemicals (Nu Serum, ITS, Hydrocortisone (HC) and Epidermal Growth
Factor (EGF)) and another ’poor” one containing Nu serum only. The effect of IGF-1
were also compared at 50 ng/mL and 100 ng/mL. Figure 4.18a shows the difference of
cyst area between cells cultured in “full” medium containing ITS, EGF and HC and either
not treated with any extra compound, or treated with DMSO, with IGF-1 at 50 ng/mL or
100 ng/mL or with forskolin, while Figure 4.18b presents the cyst areas of cells under the
same various conditions but cultured in a “poor” medium containing none of the extra-
compounds. First of all, the cells in the “poor” medium did not look healthy after 10 days
of culture and the cysts areas were globally lower than cells cultured in the “classic” me-
dium. In both conditions it was observed that DMSO at 0.02 % had no effect on the cysts
size, and as expected the positive control forskolin induced a significant increase in cyst
area. Finally, treatments with IGF-1 at 50 ng/mL and 100 ng/mL induced a significant
increase in the cysts area correlated to the IGF-1 concentration.

In Figure 4.18c the cysts areas in both media are expressed as percentage of their re-
spective DMSO conditions. This allows to compare the difference between the “poor”
and “full” medium. Globally, in all conditions the presence of compounds did not mask
the effects of IGF-1 as there was no significant difference in the increase in cysts areas

between the two media.
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Figure 4.18: 3D-cyst Assay of Ox161c1 cultured in different conditions.

Ox161cl were cultured for 10 days with (a) or without (b) extra-ITS, HC and EGF, and with
or without IGF-1 at 50 or 100 ng/mL. Forskolin (FSK) was used as a positive control of cyst
growth. (c) combined data from (a) and (b) represented as percentage of DMSO condition in
order to directly compare the two conditions. n: number of cysts measured for each condition. (d)
Representative images of cysts of different sizes (small, medium and large) at magnification x200
with scale indicated on top.

* p=0.03 **% p=0.0005 **** p<0.0001 (Mann-Whitney test)

It was therefore decided to perform the next experiment under the following condi-
tions: medium containing EGF and HC (called "ITS-depleted medium”) and IGF-1 used

at 200 ng/mL in order to see a bigger effect of this compound.
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Ox161cl cells were transfected with a Negative control siRNA or an anti-PIK3R1 siRNA
and the effect of PIK3RI knock-down on the capacity of cells to respond to IGF-1
treatment was studied. Figure 4.19 presents the cysts areas in the different conditions at

7 and 12 days of incubation.
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Figure 4.19: 3D-cyst Assay of Ox161cl transfected or not with control or anti-PIK3R1
siRNAs.

Ox161c1 were either not transfected or transfected with Negative control siRNA or anti-PIK3R1
siRNA and cultured for 7 and 12 days. Results are presented as percentage of control condition
(no transfection and no IGF-1 treatment). n: number of cysts measured for each condition.
*p=0.03 *** p=0.0005 **** p<0.0001 (Mann-Whitney test)

The results are similar at 7 and 12 days, the only difference being that, as expected, cysts
were globally larger at the later time point (593 cm? vs. 658 cm?, not shown).

Treatment with IGF-1 led to a significant increase in cyst area in untransfected cells or
those transfected with a Negative control siRNA, hinting that the transfection procedure
itself did not induce any significant off-target effect in the response to IGF-1 pathway
activation. This activation was higher than in the preliminary experiment (146 % at 10
days with ”full” medium and IGF-1 at 100 ng/mL (preliminary experiment) vs. 163 % and
176 % with ”ITS-depleted” medium and IGF-1 at 200 ng/mL for the control condition).
Transfecting Ox161c1 with PIK3R-targeted siRNA induced a total inhibition of the cyst

growth induced by IGF-1 at 7 (Figure 4.19a) and 12 days (Figure 4.19b) of incubation.
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The number and size of the cysts in the siRNA-transfected condition were similar to
the untransfected condition, supporting the idea that the inhibition of growth was due to
the blocking of the pathway rather than of an effect of the PIK3RI-targeting siRNA on
the cysts integrity.

Culturing untransfected Ox161cl with the PIK3R] inhibitor led to not only an inhibition
of cysts growth but also to a reduction of their size compared to the untreated condition.

Globally, these results suggest that PIK3R1 is an essential element involved in cyst growth
in Ox161cl and that its over-expression could be partly responsible for cysts growth in
ADPKD. To study how the over-expression or inhibition of PIK3R! influences the regula-
tion of the Akt/ERK pathway and its activation by IGF-1, Western blotting of the proteins

involved in this pathway and of their phosphorylated forms were then performed.

4.4.8 Comparison of the activation of the Akt and ERK pathways in UCL93 and
SKI001

SKIO001 cells were chosen because they were the ones over-expressing PIK3R1 the most,
hence allowing me to better see the difference in the two cell lines mechanisms. UCL93
(normal) and SKIO01 (cystic) cells were cultured in their regular medium then synchron-
ised for 48 hours by serum starvation, before being treated with IGF-1 for 5, 15, 30 or
60 minutes. The activation of the Akt and ERK pathways was then assessed by blotting
the phosphorylated (activated) forms of these two proteins and measuring their expres-
sion compared to the total amount of protein. Figure 4.20 shows a representative blot
in UCL93 and SKIOO01 and the percentages of activation of Akt and ERK overtime from

three different repeats of the experiment.
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(a) Activation of the Akt and ERK pathways in UCL93
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Figure 4.20: Western blotting of Akt/pAkt and ERK/pERK in UCL93 and SKI001 after ac-
tivation by IGF-1.

(a), (b) UCL93 and SKIO01 were synchronised and treated with IGF-1 for 5, 15, 30 or 60 min
and Western blotting was performed on pAkt, total Akt, pPERK1/2 and total ERK1/2. The phos-
phorylated forms mean an activation of the pathway. The ratios pAkt/Total Akt (c) and pERK/Total
ERK (d) were calculated in three different repeats (n=3) of the experiment and represented as a
percentage of the condition without IGF-1 (inactivated pathway) for both cell lines. UCL93 is
represented as black bars and SKIO01 as grey bars. * 0.04>p>0.03 (Unpaired t-test)
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Figures 4.20a and 4.20b show a representative experiment. For both proteins Akt and
ERK, the basal phosphorylation (activation) levels were higher in UCL93 (normal cells)
than SKIO01 (cystic cells), a finding consistent in all three experiments.

The activation of Akt appeared constant and progressive with the duration of IGF-1 treat-
ment in SKI001, reaching a peak of 1,479 fold change compared to the inactivated con-
trol, but not in UCL93 where it remained almost constant throughout with a peak of 305
fold change at 5 minutes. ERK was activated quickly after the start of the IGF-1 treat-
ment, reaching its peak at 15 minutes (325-fold increase compared to inactivated control
in SKI001 and 197-fold increase in UCL93), and then decreased over time to go back to
basal levels after an hour. Globally, the activation of both proteins was stronger in SKI001
(Figures 4.20c and 4.20d) than UCL93, although this difference was not significant for
Akt because of variability between batches.

Because I showed that PIK3RI knock-down inhibits cysts progression and the Akt and
ERK pathways are over-activated in cystic cells, I then studied the effect of PIK3RI

knock-down on this pathways’ sensitivity to IGF-1 in cystic cells.
4.4.9 Activation of Akt and ERK after PIK3R1 KO

SKIO001 (cystic) cells were plated on 6-well plates and two wells of each condition were
either not transfected, transfected with a negative control siRNA or transfected with an
anti-PIK3R1 siRNA for 72 hours, and synchronised for 48 hours. For each condition, one
well out of the two was treated with IGF-1 at 50 pg/mL for 15 min. The proteins were
stained for PI3K-p85 ¢, calnexin (loading control), phospho-Akt, total Akt, phospho-ERK

or total ERK as seen in Figure 4.21.
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(a) Expression of PI3K-p85¢ in five normal and four cystic human kidney cell lines
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Figure 4.21: Activation of the Akt and ERK pathways by IGF-1 treatment in SKI001 cells
transfected or not with anti-PIK3R1 siRNA.

SKIO01 were plated in 6-well plates and either not transfected (”Ctrl”, black bars) or transfected
with a negative control ("Neg”, grey bars) or anti-PIK3RI siRNA (”siRNA”, white bars). One
well of each condition was treated with IGF-1 at 50 pg/mL for 15 minutes, and the proteins from
all wells were then extracted and run in 10 % SDS-PAGE gels. (a) The membranes were blotted
for PI3K-p85¢, calnexin (loading control), phospho-Akt, total Akt, phospho-ERK or total ERK.
(b) The pAkt and (c) pERK ratios to the calnexin control (i. e. the activation levels after IGF-1
treatment) were calculated for each of the three conditions in four repeats of the experiment (n=4),
and reported to the siRNA-transfected negative control value.

*p=0.01 **0.006>p>0.001 (Unpaired t-test)
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The blotting of PI3K-p85¢ confirmed the knock-down of this protein by transfection
of the anti-PIK3R1 siRNA (Figure 4.21a). In the Western blot example presented here,
while the calnexin loading control showed an equivalent loading between the wells, the
levels of total Akt and total ERK were more variable. The activation of the Akt pathway
(Figure 4.21b) and the ERK pathway (Figure 4.21c) was measured by calculating the
difference of pAkt or pERK quantification levels between the untreated and the IGF-1-
treated conditions. The values are presented as ratios compared to the negative siRNA
(negative control)-transfected condition in four repeats of the experiment. Transfection
with the negative control siRNA did not induce a significant change of the pAkt amount
compared to the untransfected condition but led to a significant increase of pERK by 1.5-
fold. Transfection with the anti-PIK3R1 siRNA resulted in a significant reduction of pAkt
by 30.3 % on average compared to the negative siRNA control condition, and a significant

reduction of pERK by 39 % on average.
4.4.10 Expression of PIK3RI1-related genes in normal and ADPKD cells

PIK3R1 codes for one of the regulatory subunits of the PI3-K proteins, p85-a, and its rare
splice variants p55-o and p50-a. This protein belongs to the Class I of PI13-Kinases that
regroups two other less common regulatory subunits, p85-8 and p55-y coded by PIK3R2
and PIK3R3, respectively, as well as three catalytic subunits coded by PIK3CA; p110-c,
PIK3CB; p110-B and PIK3CD; p110-6 . I decided to measure the expression of the other
PI3-K regulatory subunits as well as of the PI3-K catalytic subunits, to determine whether
PI3K-p85a is the only protein subunit whose deregulation leads to ADPKD or whether

this is a more global phenomenon for all the existing PI3-K enzymes variants.
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Figure 4.22: Expression of PIK3R1-related genes in normal and cystic cells.

The expression of these genes was measured in two batches of five normal and four cystic cells.
(a) PIK3R1 was used as a positive control of the batch and technique. (b), (c) The expression of
the genes coding for the other class A regulatory subunits PIK3R2 and PIK3R3 was measured in
the same batches. (d), (e), (f) The expression of the genes coding for the three class A catalytic
subunits PIK3CA, PIK3CB and PIK3CD was measured in the same batches

**0.003>p>0.0015 ****% p<0.0001 (Unpaired t-test with Welch’s correction)

PIK3RI was used as a positive control. As seen in Figures 4.22b and 4.22c, the genes
coding for PIK3R2 and PIK3R3, were also up-regulated although with a lower fold change
than PIK3R1: 1.97 and 1.96 fold change for the former compared to 4.84 fold change
for the latter. The genes coding for the catalytic subunits behaved differently (Figures
4.22d, 4.22e and 4.22f): PIK3CB expression level was unchanged in ADPKD compared
to normal cells, while PIK3CD was significantly down-regulated. Interestingly, PIK3CA
expression was significantly increased in ADPKD cells by a fold change of 2.7.

To confirm the results of the (sq) RT-PCR at the protein level, Western blotting of
PI3K-p110«¢ (coded by PIK3CA) was performed in the same human cells, and the results

are presented in Figure 4.23.
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(a) Expression of PI3K-p110« in five normal and four cystic human kidney cell lines
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Figure 4.23: Western blotting of PI3K-p110¢ in human normal and ADPKD cell lines.

(a) 20 pg of protein from five normal cell lines (CLS5, CL8, CL11, RFH and UCL93, left) and four
cystic cell lines (Ox161c1, SKI001, Ox938 and SKI002, right) were run in a 10 % SDS-PAGE gel
and marked for f-actin (loading control, 110 kDa) or PI3K-p110¢ (110 kDa). (b) The p110-a/f3-
actin ratio was calculated for each cell line. (c) The p110-o/B-actin ratio was expressed as fold
changes compared to the average value in WT cells.

** p=0.006 (Unpaired t-test)

While the levels of this protein were equivalent between the cystic cell lines, all
of them over-expressing pl110-o compared to the WT cells, there was more variability
between the different normal cell lines, CL11 expressing it the least and UCL93 the most
(Figure 4.23b), which is similar to the (sq) RT-PCR results. Globally, also similarly to
what was observed at the mRNA level in Figure 4.22, the p110-o catalytic subunit was
significantly up-regulated by 2.4-fold in cystic cells compared to normal (Figure 4.23c).

The over-expression of PIK3CA/PI3K-p110¢ in human ADPKD cells suggests that
several combinations of regulatory and catalytic subunits can be up-regulated in ADPKD

and an over-activation of the PI3K-linked pathway may not only be due to PI3K-p85a.
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Summary of all genes studied by bioinformatics analyses (continued)
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4.5 Discussion

The aim of this section of the project was to identify new candidates related to the two
miRNAs previously found down-regulated in ADPKD cells, while avoiding bias induced
by focusing on only one model by studying dysregulation in different models as a criteria
of selection. Through a collaboration with Dorien Peters’ laboratory in Leiden (Nether-
lands), I had access to microarray data from a conditional Pkd!”~ mouse model, and used
previously published datasets from a number of different disease models such as mouse
(Menezes et al., 2012), human (Song et al., 2009) and rat (O’ Meara et al., 2012). This
allowed me to identify more consistent findings between models (hence their relevance in
ADPKD). Furthermore, as the project developed, I also had access to kidney tissue from

the Pkd ™" hypomorph model of mice from the start of the experiments.
4.5.1 Direct comparison approach and its limits

Initially, I worked on a direct comparison of datasets to try and identify common pre-
dicted targets of mir-193b-3p and mir-582-5p. The Leiden group had not yet generated
their RNA-seq dataset so the results of this analysis were limited as our datasets did not
have many up-regulated elements in common. Out of the four targets identified (PLAU,
SLCI16A1, RNF145 and BNIP2), only PLAU had been experimentally validated as a tar-
get for mir-193b-3p according to the MirTarBase database. It was also interesting as it
was found in the rat and the mouse studies. Because the function of the other targets did
not appear particularly relevant for them to have a role in ADPKD, I decided to measure
the expression of PLAU in our human cells to validate its dysregulation in the disease.
Unfortunately, this gene was not up regulated in any of the models tested, whether it was
human cells (over-expression in only one cell line), mouse cells (no change in F1 cells,
strong down-regulation in MEK cells) or mouse kidney (non significant down-regulation).
Hence, it was not possible to confirm PLAU’s up-regulation in ADPKD although it had
been identified in several other studies. This illustrates yet again the difficulty to find a
relevant candidate and the need to perform validation experiments in a number of models

before selecting them for further studies.
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4.5.2 Multiple pathways and gene processes identified by MSigDB/ GSEA analyses

Following this study, I was able to gain access to an unpublished high-throughput RNA-
seq dataset of the conditional Pkdl”~ model from the Leiden group. I was able to utilise
their "PKD Signature’ database, based on previously published studies as well as the
RNA-seq data (Malas et al., 2017). This method had several advantages: first, the RNA-
seq dataset being very large, the probability to find common targets was higher, but also
because MSigDB and Gene Set Enrichment Analysis were used I could get a more global
approach as I compared not only individual genes but entire pathways, gene sets and bio-
logical processes. This was interesting because it could suggest that a whole pathway
could be enriched in ADPKD and not only a gene for which the relevance in the disease
could be more difficult to find. Among the pathways that were found enriched in the dis-
ease, some were common to both miRNAs, such as the epithelial-mesenchymal transition
(EMT), the response mechanism to oestrogens or the response to UV. EMT has already
been shown to be a consequence of fibrosis in ADPKD (Chea and Lee, 2009) and linked
to Pkdl deletion (Xu et al., 2014), which made it interesting to select genes involved in
this mechanism (e.g. FSTLI). To narrow down the number of candidates, I chose to fo-
cus on several genes based on their known function and their previously reported link to
ADPKD (e.g. the MCM proteins for mir-193b-3p or CDKNIA for mir-582-5p), and/or
because they were previously suggested to have a role in ADPKD but not yet linked to
my miRNAs of interest (KRT19, found up regulated in ADPKD (Schieren et al., 2006)).
Furthermore, I also generated similar tables as the ones presented in Table 4.2 but con-
sidering not only the miRNAs predicted targets found up-regulated in our microarray or
MirTarBase, but all predicted targets, which is a much longer list. I decided not to use
these tables as they had only one connection with our preliminary study, i.e. the miRNAs,
opposite to the two axes for the presented tables (i. e. miRNAs and mRNAs found dys-
regulated in ADPKD).

Altogether, I identified highly evidenced pathways and processes enriched in ADPKD

and their respective targets up-regulated in at least two studies.
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CELF?2 and IGFBP5 were chosen as two candidates of interest, based on the results of
semi-quantitative real-time PCR in several human and mouse models. I chose not to focus
on some of the genes that were found to be up-regulated in human as their over-expression
was not conserved well across models (KIF22, FSTLI, KRT19) and their potential role in
ADPKD was limited for example to the developmental stage (KIF22, see Kim and Shin
(2016)). I generated plasmids containing these genes’ 3’UTR sequence and performed
dual-reporter luciferase assays to study their interaction with mir-582 and mir-193b. Al-
though the transfection of HEK293 with mir-193b mimic induced a significant reduction
of the fluorescent signal, the deregulation of /IGFBP5 and its interaction with mir-193b-
3p was not consistent. Furthermore, although multiple protocols and couples of primers
were used, it was not possible to mutate CELF2 3’ UTR sequence, making it impossible
for me to confirm its interaction with mir-582-5p.

The box plot analysis was a convenient visual tool to identify and select candidates
based on their over-expression in ADPKD mice of different ages. Most of the targets
actually showed a down-regulation in the most advanced stages of ADPKD (for example
CALBI mentioned in the previous chapter, a segment-specific gene that appeared to be
decreased with the destruction of the structures where it is expressed). I chose to validate
the expression of three genes, PIK3RI, SLCO2A1 and SHROOM3 because they were
globally and/or progressively increased over time in ADPKD. SLCO2A1I (also known as
Prostaglandins Receptor or PGT) showed a down-regulation compared to control at the
moderate stages, but was nevertheless selected because of its role in prostaglandin E2
transport. Overall, PIK3R1 expression was increased at all disease stages compared to
normal mice, with a high increase at the late stages. Validating these observations in
human cells, only this gene was increased in cystic cells compared to normal. Indeed,
only one cell line consistently expressed SHROOM3 (SKI001) or SLCO2A1 (Ox161cl),
while PIK3R1 was increased in all the cystic cell lines, Ox161c1 being the most constant

and SKI002 the one expressing it the lowest.
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4.5.3 PIK3RI up-regulation in ADPKD is consistent across most models and an

important factor of cysts progression

I also found that PIK3R1 expression was increased in MEK (mouse) cells and in Pkd1 nlnl
hypomorph mouse kidneys at 4 and 10 weeks. Its down-regulation in F1 cells is unclear
but may represent developmental or strain specific changes in mice. Nevertheless, added
to the RNA-seq quantifications in the Leiden group’s Pkdl” mice, I showed its over-
expression in four different models and at different stages of the disease. It is important to
note that our hypomorph mouse model reaches its peak 2KW/BW ratio at 4 weeks before
regressing (for unexplained reasons), meaning that the disease is already severe in the 4
weeks old mice.

Despite the use of different antibodies, immunohistochemistry stainings did not give any
specific signal and thus did not allow me to validate the (sq) RT-PCR results in mice
tissues at the protein level. However, an enrichment of the PI3K-p85« protein was shown
in our human cystic cells by Western blotting. Interestingly, the over-expression levels in
the different cystic cells were parallel to the mRNA levels (i.e. the protein was the most
increased in Ox161c1 and SKIOO01 and the least increased in SKI1002).

It was demonstrated for the first time that PIK3RI is a target for mir-193b-3p by
dual-reporter luciferase assays and transfection of human cells with miRNA mimics or
inhibitors, thus at the mRNA and protein levels. I suggest that the presence of other se-
quences complementary to mir-193b-3p, although not predicted by the algorithms, could
explain the incomplete reversion of fluorescent signal after introduction of 4 mutations
in the predicted seed sequence. Although the mir-193b-3p inhibitor’s effect was less effi-
cient, transfecting cystic cells with mir-193b-3p mimic had a significant effect on PIK3R1
and p85