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Abstract 

The focus of this project was to identify the genetic factors underlying disease presentation in 

a New Zealand family with a novel syndrome characterized by focal segmental glomerular 

sclerosis (FSGS) and bicornuate uterus (a developmental reproductive system anomaly caused 

by defects in fusion of the Mullerian ducts). FSGS refers to the scarring of the glomerular blood 

filters in the kidney, which impairs their ability to function normally. FSGS occurs as a result 

of injury to podocytes (specialised epithelial cells in the glomerular blood filter), nephrotic 

syndrome (leaking protein into the urine), and can eventually lead to renal failure. While drug-

based treatments are available, these are not effective in all cases and progression to end stage 

kidney disease is relatively common.  Through whole exome sequencing of individuals in the 

affected pedigree, we identified a novel candidate variant in the Wilms’ Tumour 1 (WT1) gene. 

Previously reported mutations in this gene cause a variety of syndromes with effects on 

genitourinary development, consistent with the phenotype observed in the pedigree. Analysis 

of the WT1 variant function using reporter assays and kidney organoid model of podocyte 

biology demonstrated marked effects on expression of key components of podocyte cell 

architecture. Moreover, these effects were partially rescued by pharmacological treatment with 

1-azakenpaullone, a GSK3ß inhibitor with stabilizing effects on the podocyte actin 

cytoskeleton. Together, the work in this thesis supports the hypothesis that the WT1-variant 

discovered in the NZ pedigree is a hypomorph (has reduced function), and is causative for the 

pathology observed in affected family members. This variant represents a novel addition to the 

growing number of WT1 variants with known pathology, and a novel genetic cause of adult-

onset FSGS and bicornuate uterus.  Ultimately, better understanding of the genetic causes in 

cases such as these may lead to improved understanding of FSGS etiology for treatment and 

screening purposes.  
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Chapter 1. Introduction	
The focus of this project was to identify genetic factors underlying disease presentation in a 

New Zealand family with a novel syndrome characterized by focal segmental glomerular 

sclerosis (FSGS) and defects of the reproductive system. FSGS refers to the scarring of the 

glomerular blood filters in the kidney, which impairs their ability to function normally. FSGS 

occurs as a result of injury to podocytes (specialised epithelial cells in the glomerular blood 

filter), nephrotic syndrome (leaking protein into the urine), and can eventually lead to renal 

failure. While the cause is most often idiopathic, identifying causal genetic variants has become 

an easier proposition with improved accessibility of ‘Next Generation’ sequencing technology. 

Recent identification of several causal genes has given valuable insight into the pathogenesis 

of FSGS. Based on this, the goals of this thesis were to identify the causal genetic variant in 

the pedigree via whole exome sequencing of family members and to perform functional tests 

using biochemical assays and kidney organoids. Ultimately, understanding the genetic 

mechanism responsible for this disorder will lead to improved knowledge of FSGS etiology 

for treatment and screening purposes.  

1.1.  Overview of kidney structure and function  

 The kidney is the organ most severely affected in this pedigree. Located bilaterally within 

the abdominal cavity, the kidneys are responsible for eliminating metabolic waste from the 

blood through a complex process of filtration, reabsorption, and excretion. They are essential 

for maintaining homeostasis of extracellular fluid within the body, via regulation of pH, water, 

and salt balance. In terms of gross structure, a kidney contains a number of internal lobes 

consisting of two regions: an outer renal cortex and an inner renal medulla. Approximately 1 

million nephrons (the functional unit of the kidney) are located within these lobes, each one 

consisting of defined, functionally distinct segments: the blood filter (or renal corpuscle), the 
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proximal tubule, Loop of Henle, distal tubule, and collecting duct (Figure 1-1) (Bertram, 

Douglas-Denton, Diouf, Hughson, & Hoy, 2011). Nephrons are oriented radially such that the 

renal corpuscle (containing a capillary tuft called the glomerulus), the majority of the proximal 

tubule, the distal tubule, and connecting segments are located within the outer cortex, whereas 

the loop of Henle and the most distal portion of the proximal tubule are located within the 

medullary region (Jacobson, 1981; L. L. O'Brien & McMahon, 2014). This layout is essential 

for setting up an osmotic gradient that drives the filtration process. 

 

Figure 1-1 Schematic representation of (a) the kidney and (b) the nephron.  

Figure reproduced with permission from J. Hall (2011). 

 



3 
 

Blood is first filtered through the renal corpuscle, which consists of a Bowman’s capsule 

surrounding the glomerulus (Figure 1-2). The capillary tuft is porous due to fenestrations in 

the endothelium which make up the most proximal layer of the filter (Quaggin & Kreidberg, 

2008). The next layer is the glomerular basement membrane (GBM), made up of a network of 

extracellular proteins including type IV collagen, laminins, fibronectins, and proteoglycans. 

Finally, the outermost layer of the filter consists of specialised, epithelial podocyte cells with 

interdigitating foot processes that wrap around the capillary. Protein links between foot 

processes make up the complex slit diaphragm structure essential for proper function of the 

filter. Nephrin (encoded by the NPHS1 gene) and Podocin (encoded by NPHS2) are some of 

the major components of the slit diaphragm structure (Ruotsalainen et al., 1999) (Roselli et al., 

2002). These slit diaphragm components are linked to an internal, dynamically maintained 

actin cytoskeleton. Within the tuft, further structural support is conferred by mesangial cells 

which adhere to one another, and to glomerular endothelial cells, and can anchor to the 

basement membrane. The specialised structure of the glomerular filter allows the passage of 

solutes but not cells or larger proteins, resulting in formation of the primary glomerular filtrate.  

The primary filtrate  is further refined as it passes through the specialised segments of the renal 

tubule (Thiagarajan et al., 2011). The bulk of reabsorption (around two thirds) occurs in the 

proximal region of the tubule, including water, sodium, glucose, amino acids, and small 

proteins. This large reabsorption potential is facilitated by the many solute specific transporters 

located in this region of the tubule, together with a ‘brush border’ of microvilli on the apical 

surface of proximal tubule cells which greatly increases the surface area. Further ‘fine-tuning’ 

of the filtrate occurs along the remaining segments of the nephron, and the filtrate is 

concentrated further in the collecting duct by removal of water through aquaporin channels. 

Finally, the remaining waste filtrate (or urine) is carried via the ureter to the bladder prior to 

excretion.  
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Figure 1-2 Structure of the renal corpuscle and glomerular filtration barrier.  

Figure reproduced with permission from Pollak, Quaggin, Hoenig, and Dworkin (2014). 

 

1.2. Overview of kidney development  

Embryonic kidney formation in amniotes is characterised by the formation of three successive 

kidney types: the pronephros, the mesonephros, and the final, adult metanephros (Davidson, 

2008; M. H. Little & McMahon, 2012). In mammals, kidney development is initiated from the 

anterior intermediate mesoderm with the formation of the nephric duct, which then extends 

caudally toward the cloaca. Metanephric kidney formation occurs at the hindlimb level, and is 

Brush border 

Erythrocyte 

Fenestrated endothelium 
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first visible on embryonic day 10.5 (E10.5). The neighbouring metanephric mesenchyme 

secretes Gdnf and Fgf10, which interact with receptors in the nephric duct to induce formation 

of a ureteric bud (Costantini, 2012). The transcription factor WT1 is also required for ureteric 

bud outgrowth by acting to maintain the survival of the metanephric mesenchyme (Kreidberg 

et al., 1993). Several rounds of ureteric bud branching occur to form what will become the 

collecting duct system of the adult kidney.  

Concomitantly, the metanephric mesenchyme condenses around ureteric bud tips to form a 

transiently self-renewing renal progenitor population, known as the ‘cap mesenchyme’, which 

expresses the renal transcription factor genes WT1, Six2, and Pax2 (Kobayashi et al., 2008; 

Mugford, Sipila, McMahon, & McMahon, 2008; Narlis, Grote, Gaitan, Boualia, & Bouchard, 

2007; Park et al., 2012). Signalling between the tips and cap mesenchyme allows both 

maintenance of the uncommitted renal progenitor population, as well as directing a subset of 

these cells to undergo nephrogenesis. As a result of Wnt9b signalling from the ureteric bud, 

cells from the cap mesenchyme that end up migrating beneath the tips initiate nephrogenesis 

(Carroll, Park, Hayashi, Majumdar, & McMahon, 2005; Itaranta et al., 2002; Karner et al., 

2011; Merkel, Karner, & Carroll, 2007; Stark, Vainio, Vassileva, & McMahon, 1994). The 

process of nephrogenesis occurs in a well-defined manner, through formation of a ‘pretubular 

aggregate’, a ‘renal vesicle’, ‘comma-shaped body’ and an ‘S-shaped body’, followed by fusion 

with the ureteric epithelium (Kao, Vasilyev, Miyawaki, Drummond, & McMahon, 2012) 

(Figure 1-3). Progressive proximal-distal axis development along the developing nephron 

ultimately gives rise to the mature, functionally segmented structure (Jacobson, 1981; L. L. 

O'Brien & McMahon, 2014). The transcription factor WT1 is considered a ‘master control 

gene’ in kidney development, and is initially expressed in the metanephric mesenchyme and in 

the developing nephron from the ‘comma’ and ‘S-shaped body’ stages. As differentiation 
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proceeds, WT1 is downregulated except for podocyte cells of the mature glomerulus where 

expression continues into adulthood (Menke & Schedl, 2003).  

WT1 is the most abundant podocyte transcription factor, and plays a key role in development, 

specification and maintenance of podocyte identity through regulation of downstream gene 

networks (Chau et al., 2011; Essafi et al., 2011; L. Zhou et al., 2015). This regulation of the 

podocyte-specific transcriptome is achieved through both activation and repression of targets 

via WT1 binding to both promotor and enhancer sites. The involved networks are complex and 

have not been thoroughly characterised, however multiple reports have established that  WT1 

acts as part of a ‘transcription factor network’ that also consists of LMX1B, TCF21, MAFB, 

HEY1, FOX-class and TEAD transcription factors, and the Notch signalling pathway (Dong, 

Pietsch, & Englert, 2015; Kann et al., 2015; L. L. O'Brien et al., 2011). Interplay between these 

factors regulates expression of  key components of the podocyte actin cytoskeleton which help 

to establish polarity of the podocyte, slit diaphragm structure, and adhesion to the GBM. Many 

of the genes encoding these components are affected in glomerulopathies, and are detailed 

further under ‘Hereditary causes of FSGS’ (section 1.3.2), and in Figure 1-4. 
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Figure 1-3 The developing nephron.  

Figure reproduced with permission from L. L. O'Brien and McMahon (2014). 

  

1.3. Focal	Segmental	Glomerulosclerosis	(FSGS)		

One of the principle causes worldwide of end-stage kidney disease is FSGS. FSGS is a 

pathology with diverse etiology and is defined by scarring or 'sclerosis' of the glomerular blood 

filter. This scarring reduces the ability of the kidney to filter the blood normally, and is 

associated with hypertension, proteinuria, and nephrotic syndrome. FSGS follows a 

progressive course and if left unchecked will ultimately progress to renal failure, of which it is 

a leading cause worldwide (Hogg, Middleton, & Vehaskari, 2007). Diagnosis relies on a 

combination of clinical history, laboratory biomarkers (including serum albumin and urine 

protein), and most definitively, renal histopathology. Absolute global incidence and prevalence 

are difficult to determine given worldwide differences in renal biopsy accessibility which is 

required for diagnosis. However, incidence rates have been reported as being between 0.2-1.8 

per 100,000 population per year (McGrogan, Franssen, & de Vries, 2011). It is also the most 
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likely of the primary nephropathies to progress to end stage kidney disease (Rosenberg & 

Kopp, 2017).  

1.3.1.1. Classification	

FSGS is a clinically and genetically heterogeneic condition. While a number of contributing 

factors have been identified, the cause is often unknown. The diverse etiologies may be divided 

into subcategories, of which some are better characterised than others. Broadly, these 

categories fall under primary (or idiopathic) FSGS, and secondary FSGS (resulting from other 

factors including hypertension, obesity, drug toxicity, viruses, and genetic causes) (D'Agati, 

Fogo, Bruijn, & Jennette, 2004). More recently, six individual sub-categories have been 

suggested (Rosenberg & Kopp, 2017). Primary or idiopathic FSGS is a category that arises 

spontaneously with unknown cause. It is characterised by a propensity to reoccur following 

transplant, and in at least some cases it is thought to be caused by an unconfirmed circulating 

plasma factor that is responsive to immunosuppressants (Delville et al., 2014; Komatsu et al., 

1995; Savin et al., 2015; Wei et al., 2011). Distinct from this, the category of adaptive FSGS 

is caused by prolonged increase in nephron workload due to reduced nephron capacity or 

increased demand (e.g. increased body size, hypertension), which can upset the homeostatic 

maintenance of hydrostatic pressure through the delicate glomerular filter within a narrow 

physiological range  (Brenner & Mackenzie, 1997; Kriz & Lemley, 2017). There is suggestion 

that lesions can develop as a result of glomerular growth that outstrips the capacity of podocytes 

to adapt and sufficiently cover this increased filtration surface (Nishizono et al., 2017). Other 

categories are viral-associated FSGS (Chandra & Kopp, 2013; Martinelli, Pereira, Brito, & 

Rocha, 1995; Meehan, Kim, & Chang, 2012; Pakasa, Nseka, & Nyimi, 1997; Sehar, Gobran, 

& Elsayegh, 2015), medication-associated FSGS (V. W. Lee & Harris, 2011; Letavernier et 

al., 2007; Markowitz et al., 2001; Mohamed, Goldstein, Schiff, & John, 2013; Sakarcan, 

Thomas, O'Reilly, & Richards, 2002), APOL1 risk allele-associated FSGS (Kopp et al., 2011; 
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Park A, 2015), and the broad category of high-penetrance genetic FSGS resulting from 

mutation in a growing list of genes (currently almost 40 genes; Table 1-1). Hereditary pattern 

and extra-renal manifestations are both indicative of a genetic variant. Distinction between 

these categories again relies on comprehensive testing and history, in conjunction with 

histopathological examination. They also differ in response to standard treatment options. 

1.3.1.2. Mechanisms of disease 

Whatever the cause, FSGS is a progressive disease that arises following podocyte stress and 

injury of some form, with similar consequences (R. C. Wiggins, 2007). Broadly speaking, 

podocyte injury includes foot process effacement and eventual detachment from the basement 

membrane, resulting in loss of podocytes into the urinary space and an overall reduction in 

podocyte number. Podocytes are the most critical component of the three-layered glomerular 

filter. They are connected to the underlying GBM only by cell processes, and are subject to 

filtrate flow and associated shear stress in the sub-podocyte space (Arkill et al., 2014; Salmon, 

Neal, & Harper, 2009). In addition, podocytes are terminally differentiated cells which are 

unable to be replaced. Detachment from the GBM may be mediated by mechanical challenge 

(stemming from ultra-physiological filtration pressure), by failure of the podocyte attachment 

mechanisms (due to a variety of factors including various insults or congenital weaknesses), or 

a combination of these factors. Early insult first results in foot process effacement, thought to 

be an adaptive mechanism (Kriz, Shirato, Nagata, LeHir, & Lemley, 2013; Shankland, 2006; 

Shirato, Sakai, Kimura, Tomino, & Kriz, 1996).  

Associated with these physical changes, injured podocytes also downregulate expression of 

mature podocyte marker genes encoding WT1, SYNPO, PODXL, and GLEPP-1 (Bariety et al., 

2001; Barisoni, Bruggeman, Mundel, D'Agati, & Klotman, 2000; Barisoni, Kriz, Mundel, & 

D'Agati, 1999).  In the initial stages, prior to podocyte loss, there is some degree of reversibility 
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and capacity for repair if an acute insult is removed. However, as damage progresses and 

podocyte number reduces, the inability of podocytes to regenerate renders this process 

catastrophic (Kriz, Gretz, & Lemley, 1998). To compensate for lost numbers, remaining 

podocytes may undergo hypertrophy in order to cover the surface area of the vessels in the 

capillary tuft. However, once ~40% of podocytes are lost, remaining podocytes are unable to 

compensate and characteristic glomerular sclerosis develops, followed by nephron atrophy and 

loss (Lemley et al., 2002; Pagtalunan et al., 1997; Wharram et al., 2005; J. E. Wiggins et al., 

2005). Further pressure on remaining glomeruli leads to cycles of additional podocyte stress 

and depletion, nephron loss and deposition of excess extracellular matrix that causes the 

characteristic sclerosis (Kriz & Lemley, 2017). Initial podocyte injury can therefore propagate 

further damage of additional podocytes, akin to a feedback cycle, or a podocyte ‘domino 

effect’. This cumulative progression eventually leads to end stage kidney disease. 

Table 1-1 Genes associated with hereditary FSGS (syndromic and non-syndromic) with 
mendelian inheritance. 

Adapted with modification, with permission from Rosenberg and Kopp (2017). 
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1.3.1.3. Treatment of FSGS 

Given the clinical heterogeneity of FSGS, response to particular therapeutic agents and 

treatment paradigms varies on a patient-to-patient basis. Classically, there has been distinction 

made on the basis of primary, secondary (or adaptive), and genetic sub-types of the disease, 

although emerging insights as to the precise molecular mechanisms underlying particular cases 

may eventually lead to more nuanced treatment that can be tailored to an individual patient 

(Malaga-Dieguez, Bouhassira, Gipson, & Trachtman, 2015; Spino et al., 2016). Current 

treatment options include immunosuppressive agents, lipid-lowering and other blood pressure 

lowering agents, and renin-angiotensin-aldosterone blockers. Cases defined as primary FSGS 

are likely to be treated with immunosuppressive agents including glucocorticoids and 

calcineurin inhibitors, which have direct effects on the podocyte phenotype (Mallipattu & He, 

2016). In steroid resistant nephrotic syndrome, other options including tacrolimus, 

cyclophosphamide, rituximab and adrenocorticotropic hormone gel (Fernandez-Fresnedo et 

al., 2009; Ponticelli, 2010; Ren et al., 2013). Those presenting with a hereditary form are less 

likely to respond to standard treatment with corticosteroids and immunosuppressive agents 

making their clinical management a challenge (Buscher et al., 2010; Hinkes et al., 2006; Santin, 

Ars, et al., 2009; Soliman, Francis, Heeringa, & Chernin, 2009). Kidney transplant and dialysis 

are the only option when the disease progresses to end-stage kidney disease (ESKD), although 

there are difficulties with recurrence even following transplant in primary forms of FSGS 

(Ponticelli, 2010).  

1.3.2. Hereditary causes of FSGS 

In terms of genetic causes of FSGS, there are two types: highly penetrant single gene mutations 

that directly contribute to FSGS, and lower penetrance genetic variants that are associated with 

an increased risk. Of the latter category, the best classified example is the APOL1 gene, in 

which high risk alleles have been identified (Kopp et al., 2011; Park A, 2015). APOL1 risk 
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variants are recessive, are found predominantly in those of African ancestry, and confer an 

increased risk of FSGS, although not all individuals with two risk alleles will manifest with 

kidney disease.  

In terms of the more highly penetrant category, the majority of genetic causes remain unknown. 

However, genetic studies have identified a number of causative genes most of which are linked 

to defects in podocytes (Figure 1-4). For example, the most frequently mutated genes 

(identified by exome sequencing studies) include TRPC6 (a non-selective cation channel 

expressed in podocyte foot processes) (Winn et al., 2005), ACTN4 (an actin crosslinking 

protein) (Kaplan et al., 2000), and INF2 (a podocyte-expressed member of the formin family 

of actin regulating proteins) (Brown et al., 2010). Other FSGS-causing genes include CD2AP 

(a scaffolding molecule that regulates the actin cytoskeleton) (Tsvetkov et al., 2016), NPHS1 

(the major component of the slit diaphragm) (Santin, Garcia-Maset, et al., 2009), WT1 (G. Hall 

et al., 2015), PLCE1 (a podocyte specific phospholipase enzyme that may play a role in actin 

organisation) (Boyer et al., 2010; Hinkes et al., 2006), and ARHGAP24 (a rho-GTPase 

activating protein involved in actin-cytoskeleton regulation) (Akilesh et al., 2011). That many 

of these mutations are located in cytoskeleton actin binding proteins and components of the slit 

diaphragm structure highlights that defects in podocyte architecture are significant contributors 

to FSGS pathogenesis. Additionally, further mutations in COL4A genes have also been 

associated with genetic forms of FSGS. The COL4A gene family encode collagens vital for 

structural integrity of the glomerular basement membrane (the layer of the glomerular filter 

between the endothelium and the surrounding podocytes). Mutations in COL4A3, COL4A4, 

and COL4A5 have all been associated with FSGS, particularly in adult onset cases. This 

highlights the importance of integrity not only in podocytes but throughout the entirety of the 

glomerular filtration barrier. A comprehensive list of genes with known FSGS-associated 

mutations, and the location or function of their gene product is given in Table 1-1. 
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Figure 1-4 Components of podocyte foot process and slit diaphragm architecture. 

Figure reproduced with permission from Bierzynska, Soderquest, and Koziell (2014). 

 

1.3.3. Syndromic FSGS 

In some hereditary cases, FSGS may manifest as part of a syndrome where multiple aspects of 

development are abnormal (Pollak, 2002). A number of known genetic causes of syndromic 

FSGS have been described in the literature, which can include symptoms of bicornuate uterus 

and hypospadias. 

1.3.3.1. Bicornuate uterus 

Bicornuate uterus describes a two-horned uterus with two cavities joining at a common cervix, 

which may have consequences for fertility and reproductive outcomes (P. C. Lin, 2004). 

Bicornuate uterus is caused by abnormal fusion of the Müllerian (or paramesonephric) ducts 
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during development. These ducts, which give rise to the entire female reproductive tract, 

develop in a three stage process of initiation, invagination, and elongation. In males, production 

of anti-Müllerian hormone (AMH) and receptor (AMHR2) by the testes cause these ducts to 

regress (Allard et al., 2000).  In females, the ducts persist and undergo differentiation and 

patterning regulated by a network of Hox and Wnt genes, as well as steroid hormones, to form 

the mature female reproductive tract (Masse et al., 2009; Mullen & Behringer, 2014).  

Interestingly, uterine morphology differs considerably among different mammalian species, 

due to differences in the extent of rostral Müllerian duct fusion (Feldhamer, 2003; Kobayashi 

& Behringer, 2003). For example, in mice, there is minimal fusion and a duplex uterus is 

standard. The primate uterus undergoes more rostral fusion giving a simplex uterus. In humans, 

fusion of these ducts under normal circumstances also results in a simplex uterus consisting of 

a single cavity.  

Fusion of the two separate ducts begins around week 8 (Robboy, Kurita, Baskin, & Cunha, 

2017), although the molecular mechanisms governing this are not well described. It has been 

noted that some patients with TCF2 mutations have abnormalities of Müllerian duct fusion 

including bicornuate uterus (Bingham et al., 2002; Lindner et al., 1999), and mutations in 

HOX10 also show uterine defects indicative of improper fusion (Cheng et al., 2011; Ekici et 

al., 2013). Dlgh1 null mice also display abnormal lateral Müllerian duct fusion (Iizuka-Kogo, 

Ishidao, Akiyama, & Senda, 2007). Fusion of the two ducts is followed by canalisation, and 

then resorption of the midline septum by week 9 (Robboy et al., 2017). Bicornuate uterus arises 

when the resorption process fails, causing the midline septum to remain in place and dividing 

the uterine cavity (minimally or almost completely) (Jacquinet, Millar, & Lehman, 2016). 
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These two conditions can be difficult to differentiate. Bicornuate uterus morphology is shown 

in Figure 1-5. 

Figure 1-5 Normal and bicornuate uterine morphology.  

Bicornuate uterus is a defect caused by incomplete fusion of the Mullerian ducts during 
development. 

 

1.3.3.2. Hypospadias 

Hypospadias is a common genital abnormality of the male urogenital system (around 1 in 300 

births). The urethral opening develops on the underside of the penis due to incomplete closure 

of penile structures during development (Bouty, Ayers, Pask, Heloury, & Sinclair, 2015). 

Occurrence can be due to environmental and genetic factors, and it can occur in isolation or 

associated with additional symptoms. A clear genetic cause is found in only 30% of cases 

(Sagodi, Kiss, Kiss-Toth, & Barkai, 2014). Among these cases, hypospadias has been found to 

occur in over 200 syndromes, of which the best characterised are Denys-Drash (urogenital 

malformations and predisposition to Wilms’ tumour) and Wilms’ tumour, aniridia, 

genitourinary malformations, and mental retardation (WAGR) syndrome (Blaschko, Cunha, & 

Baskin, 2012). Both of these syndromes are due to various mutations in the WT1 gene. 
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1.3.3.3. Known genetic causes of syndromic FSGS 

A number of syndromes have been described that can exhibit both FSGS and reproductive 

system malformations, which can include bicornuate uterus and hypospadias. Hypospadias is 

observed relatively frequently together with FSGS, whereas the combination of FSGS 

occurring with bicornuate uterus appears to be a rare observation, with only a handful of case 

reports described. Mutations in the transcription factor HNF1B have been associated with both 

bicornuate uterus and FSGS (Bellanne-Chantelot et al., 2004; Clissold et al., 2016), as has 

Donnai-Barrow syndrome which results from LRP2 mutation (Longoni, Kantarci, Donnai, & 

Pober, 1993). Both FSGS and bicornuate uterus have separately been observed in association 

with oligonephronia, a developmental anomaly of the kidneys marked by severe hypoplasia 

and reduction in nephron number (Foster & Hawkins, 1994; Gatto et al., 2018). Another case 

of unknown cause reported hypertension, mild glomerulosclerosis, bicornuate uterus, and 

agenesis of one kidney (Raina et al., 2012). 

Some of the best known of these syndromes are those that relate to WT1, encoding multiple 

isoforms of a zinc finger transcription factor with multiple functions. The best characterised of 

these is the KTS- isoform which acts as a transcription factor via zinc finger mediated DNA 

binding to regulate networks of downstream gene targets involved in genitourinary 

development. Mutations in WT1 have been associated with a spectrum of syndromic 

phenotypes, including Denys-Drash syndrome, WAGR (Wilms’ tumor- Aniridia- 

Genitourinary malformation- Retardation) syndrome, Frasier syndrome, and Genitourinary 

anomalies (abnormalities of the reproductive and urinary systems) syndrome (M. Little & 

Wells, 1997).  

WAGR syndrome is due to a large scale deletion in chromosome 11, encompassing the WT1 

gene. As well as missing a copy of WT1, affected individuals are variously missing other genes 

in the vicinity which contributes to the additional symptoms, characteristically 50% risk of 
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Wilms’ tumour (a paediatric kidney cancer), aniridia, genitourinary abnormalities (includes 

hypospadias), intellectual disability, and renal symptoms including FSGS (Fischbach, Trout, 

Lewis, Luis, & Sika, 2005; Iijima et al., 2012). The reproductive abnormalities are usually 

associated with males, but bicornuate uterus has been observed together with FSGS in WAGR 

syndrome  (Prasher, Ali, Nasritdinova, Routhu, & Thalitaya, 2012). The majority of Denys-

Drash associated mutations are point mutations in exon 8 or exon 9 (within zinc fingers 2 and 

3 of the functional zinc finger domain of the protein), leading to missense mutations which can 

act in a dominant negative manner to inhibit the wild-type WT1 produced by the remaining 

allele (M. Little et al., 1995; M. H. Little et al., 1993). Symptoms include >90% risk of Wilms’ 

tumour, abnormal male and female reproductive organs, and renal failure (associated with 

diffuse mesangial sclerosis or FSGS). Specific Denys-Drash cases of FSGS and bicornuate 

uterus or hypospadias exist, although not always in the same individual (Bache et al., 2010; 

Demmer et al., 1999; Modi, Modi, Pal, & Kumar, 2015). Frasier syndrome is caused by a 

splicing mutation at the second splice donor site of intron 9, resulting in loss of the KTS- 

isoform of the gene (Klamt et al., 1998). While both Frasier syndrome and DDS are 

characterised by male pseudo-hermaphroditism, genitourinary tumours, and progressive 

glomerulopathy, Frasier syndrome is more commonly associated with FSGS in contrast to the 

diffuse mesangial sclerosis more commonly associated with DDS.  However there are 

exceptions and clinical overlap has been observed. It has been suggested that they be 

considered part of the same spectrum of disease due to WT1 mutation, rather than separate 

diseases (Koziell & Grundy, 1999; McTaggart, Algar, Chow, Powell, & Jones, 2001). 
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1.4. Next Generation sequencing for disease variant identification  

Many of the genetic causes of FSGS were identified based on advances in ‘Next Generation 

Sequencing’ technologies. While DNA and RNA sequencing has been possible in some form 

for five decades, Next Generation sequencing forms of the technology have only been 

commercially available for just over one decade (McCombie, McPherson, & Mardis, 2018). 

These methods, which involve large scale massively parallel sequencing, have  enabled higher 

throughput, lower cost searches for variants across the whole genome (in the case of whole 

genome sequencing) or the whole exome (in the case of whole exome sequencing). While 

whole genome sequencing offers better coverage (including non-coding regions of the 

genome), the time and cost involved are greater than for whole exome sequencing (Belkadi et 

al., 2015). A relatively larger proportion of disease causing variants have been identified in 

exome regions, and these regions have also been much better characterised, increasing the 

chances of a meaningful interpretation of variants. Whole-exome sequencing is therefore 

routinely used as a compromise in terms of coverage vs cost, although this is beginning to 

change as whole-genome sequencing increasingly becomes more time and cost effective. 

 

Different methods and platforms exist, although the basic principles hold. Sequencing consists 

of library preparation, clonal amplification, and parallel sequencing of fragments. To identify 

variants, sequencing data must first be checked for quality and aligned to a reference genome 

sequence, then differences between aligned and reference sequences are called as variants. 

1.4.1. Variant filtering and annotation 

Whole exome sequencing of an individual genome produces a number of variants in the realm 

of 100,000. Whole genome sequencing produces 12-15 million. For this reason, filtering is 

necessary to remove irrelevant or inconsequential variants. Filtering may be performed based 

on factors including observed hereditary patterns within families, or frequency in the general 
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population (MacArthur et al., 2014). Remaining variants are then usually annotated with 

additional information to identify potential causal or ‘candidate’ variants associated with the 

disease of interest. In general terms, this information can largely be categorised into  predicted 

effects on protein sequence, structure, and function, or gene expression localisation and 

phenotype-based classification (Anderson & Lassmann, 2018).  

 
There are a variety of sources for annotation information, and no single pipeline is appropriate 

in all cases. Databases containing information on variant frequency within the general 

population are a valuable resource. The most frequently used of these databases are the 1000 

Genomes Project (representing 2,504 individuals from 26 distinct populations), the Exome 

Aggregation Consortium Database (the largest publicly available database representing 60,706 

individuals), and the Exome Sequencing Project (which represents exome data from 6,515 

individuals) (Fu et al., 2013; Genomes Project et al., 2015; Karczewski et al., 2017). Gene 

expression databases such as GTEX are another useful resource to assess whether potential 

variants are expressed in relevant tissue types (2013).  

 
For functional annotation in terms of effects on protein structure and function, there are various 

annotation software packages. Two of the most widely used are ANNOVAR (H. Yang & 

Wang, 2015) and VEP (Variant Effect Predictor, Ensembl) (McLaren et al., 2016). Phenotype 

based annotation is another strategy frequently employed to assess disease-causing potential of 

candidate variants. An example of this is the Wang laboratory’s Phenolyzer, which implicates 

variants based on prior knowledge of biological function and links to user defined phenotype 

descriptors (McCarthy et al., 2014). 



20 
 

1.5. Stem cells and kidney organoid models of disease  

1.5.1. Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) 

 Pluripotent stem cells are defined as having the capacity to self-renew in culture as well as 

differentiate into mature adult cell types (Figure 1-7). In an embryo, pluripotent stem cells 

exist in the inner cell mass. They have the capacity to form all three of the germ layers 

(endoderm, mesoderm, and ectoderm), and from these layers, generate the ~200 cell types of 

the body. There are two major types of pluripotent stem cells: induced pluripotent stem cells 

(iPSCs), and embryonic stem cells (ESCs).  

In 1981, ESCs were first derived and maintained in culture from murine blastocysts, which set 

the stage for later establishment of human ESC derivation (Evans & Kaufman, 1981; Martin, 

1981). The first human ESC lines (H1-H9) were subsequently derived in 1998 from donated 

embryos, also at the blastocyst stage (Thomson et al., 1998). Like their mouse counterparts that 

had been reported prior, human ESCs are capable of self-renewal as well as being pluripotent. 

Since their derivation, these cells have led to many insights regarding pluripotency and 

differentiation, and have even progressed to clinical trials in selected instances (Trounson & 

DeWitt, 2016). However, human embryos must be destroyed in order to generate ESCs, raising 

serious ethical considerations.  

An alternative approach to generating pluripotent stem cells was developed by Dr Shinya 

Yamanaka, in the form of ‘induced’ pluripotent stem cells (iPSCs) (Takahashi & Yamanaka, 

2006). This discovery was a landmark achievement, as it had not previously been thought 

possible to reprogram adult cell types given the complex molecular pathways and epigenetic 

changes involved in cellular differentiation (Kanherkar, Bhatia-Dey, Makarev, & Csoka, 

2014). Successful iPSC derivation was the culmination of previous work determining the 

feasibility of cellular reprogramming by somatic cell nuclear transfer, first demonstrated by 
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Gurdon (1962), and an extensive search to determine which ‘pluripotency factors’ were 

necessary. The resulting discovery deemed that 4 factors, were required: OCT4, SOX2, KLF4, 

and C-MYC, with resulting iPSCs proven to have similar capabilities to ESCs and with fewer 

ethical issues associated with their derivation. iPSCs expressed cell surface markers TRA-1-

60, TRA-1-81, and SSEA4 (previously determined to be expressed in pluripotent cells by  

Andrews et al. (1996)) and were able to form teratomas in mice. 

As well as an ethically neutral derivation process, iPSCs have the additional advantage of being 

able to be derived directly from individuals of interest, facilitating disease modelling and 

dissection of molecular pathways in an identical genetic background. Aside from this, ESCs 

and iPSCs have similar capabilities. Pluripotent stem cells (of both types) hold huge potential 

for advancing new therapies for human disease, particularly as more protocols for developing 

them into tissue types of interest are developed and refined. Currently, both are used in research 

setting, although ESC use is largely limited to existing lines (maintained via Cell banks such 

as WiCell), based on the restrictions and ethical considerations associated with their derivation. 

Improvements and standardised guidelines for developing and characterising iPSC lines may 

lead to redundancy of hESC lines at some point in the future (Ilic & Ogilvie, 2017).  
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Figure 1-6 Pluripotent stem cells 

PSCs have the ability to differentiate into the 200 cell types of the body, and are capable of 
indefinite self-renewal. 

 

1.5.2. Kidney organoids 

Given the ethical and sourcing difficulties in using human tissue to study kidney development 

and disease, there is a need for model systems. For example, much of our understanding of 

kidney morphogenesis (including patterning, differentiation, and maturation) has come from 

mouse studies (Ryan et al., 2018; Takasato & Little, 2015). Particularly, transgenic knockout 

and overexpression models have given insight into the various molecular genes and pathways 

that are important for normal development and are perturbed in disease. However, divergent 

features mean that mouse models cannot always accurately model human kidney development 

and disease (Lindstrom et al., 2018; Monaco, van Dam, Casal Novo Ribeiro, Larbi, & de 
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Magalhaes, 2015). Primary human tissue is difficult to obtain and the culture of podocyte cells 

in particular is limited as they are non-proliferative and rapidly downregulate their mature 

markers when placed in culture. Immortalised cell lines can be generated but have non-typical 

identity and behaviour in culture.  

Stem cells therefore represent a model with tremendous potential in this area. Recently, several 

groups have developed methods to convert pluripotent stem cells into 3D kidney organoids  

(Freedman et al., 2015; Morizane et al., 2015; Przepiorski et al., 2018; Taguchi et al., 2014; 

Taguchi & Nishinakamura, 2017; Takasato et al., 2014; Takasato, Er, Chiu, & Little, 2016; 

Takasato et al., 2015). These organoids exhibit many of the structural and cellular features of 

human kidneys in miniature form, including populations reminiscent of glomeruli, proximal 

and distal tubules, and interstitial cells. Although they lack the complexity of organs in vivo 

(e.g. blood supply and immune cells), organoids provide a useful bridge between traditional 

2D cell culture and the study of tissues in a human or model organism. Their huge potential in 

terms of disease modelling and drug development have meant that kidney organoid research 

has become a rapidly growing field. 

1.5.3. Disease models and CRISPR/Cas9 genome editing 

Stem cell-derived kidney organoids are also useful in the research setting as a way of modelling 

human diseases. When derived from patients with genetic disorders, pluripotent stem cells can 

be used as a limitless source of diseased tissue to study in the laboratory. With recent advances 

in DNA editing methods, it is now possible to introduce precise disease-associated mutations 

directly into ‘healthy’ ESC or iPSC lines with tools such as the CRISPR-Cas9 system. 

Gene editing technology has existed in some form since the 1980s, however the methods used 

have progressed significantly in recent years, particularly with the advent of the CRISPR/Cas9 

system. Early gene editing approaches relied on introduction of exogenous DNA sequences 
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into the genome via homologous recombination (Capecchi, 1989; Smithies, Gregg, Boggs, 

Koralewski, & Kucherlapati, 1985; Thomas, Folger, & Capecchi, 1986), which was 

revolutionary at the time, but subject to low efficiency rates and random integration at off-

target sites (Capecchi, 1989; F. L. Lin, Sperle, & Sternberg, 1985). This method was 

superseded first by Zinc Finger Nucleases (ZFNs) (Miller et al., 2007; Urnov et al., 2005), and 

then by Transcription activator-like effector nucleases (TALENS) (Christian et al., 2010; Li et 

al., 2011; Miller et al., 2011; F. Zhang et al., 2011), which both rely on engineered non-specific 

nucleases fused to small protein motifs that act as DNA binding domains. These strategies 

conferred significant advantages over previous technology but the difficulties associated with 

protein engineering have been a barrier to widespread use.   

The most recent advance in this area is the CRISPR/Cas system, which has been revolutionary  

for the field of genome engineering. CRISPR/Cas is based on a system which confers adaptive 

immunity in bacteria and archaea via RNA-mediated recognition and cleavage of foreign DNA 

from invading viruses and plasmids. The system has since been repurposed for use in a research 

setting, beginning when Jinek et al. (2012) showed that it could be co-opted to target a desired 

DNA sequence of interest in prokaryotes. The system was adapted further with several 

landmark papers demonstrating the feasibility of Cas9 mediated targeting of genomic loci in 

eukaryotic cells in vivo (Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013). Briefly, 

CRISPR/Cas uses a simple 20 nucleotide guide RNA (gRNA) to target a Cas endonuclease to 

the desired sequence, provided the sequence is flanked in the genome by a protospacer adjacent 

motif (PAM) recognition site (the most commonly used endonuclease, type II Cas9 from 

Streptococcus pyogenes, recognises an ‘NGG’ motif). Following cleavage at the target site, the 

DNA repair machinery of the cell repairs the break by one of two methods. Non-homologous 

end joining (NHEJ) re-ligates break ends but is prone to insertions and deletions (INDELS), so 

is frequently used to generate knock-outs. Conversely, homology-directed repair (HDR) 
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requires a DNA template to guide repair (either a plasmid or a short, single stranded oligo), 

and can be manipulated to introduce precise changes to the DNA sequence. Published use of 

the CRISPR/Cas technology has expanded rapidly since its conception (Adli, 2018), based 

largely on the ease of designing and using the required RNA-based guides. In combination with 

kidney organoid protocols, this technology allows the creation of ‘kidney disease in a dish’ 

models with relative ease, offering huge potential for understanding the molecular basis of 

genetic disorders and to develop new therapies.  This technology also makes it possible to 

correct genetic defects in patient-specific iPSCs, with the potential to then mature these cells 

into the tissue of interest and to transplant back to the donor without immune rejection. 

1.6. Hypothesis and Aims  

FSGS is a leading cause of end stage renal disease, and of those cases with a genetic basis only 

a small number of genetic causes (~40) have been identified. The focus of this thesis is on 

identification of a New Zealand family who display symptoms of FSGS together with 

associated developmental abnormalities of the reproductive system. The likely dominant 

inheritance pattern observed in the pedigree is suggestive of an underlying genetic cause. Given 

the diverse etiology of FSGS and variable response to standard treatment paradigms, 

identifying a genetic cause would help inform patient care, as well as providing the means for 

testing future generations and studying potential new therapies. Variant analysis and validation 

of potential variants in vitro remains a challenging process. However, the recent development 

of protocols for generating kidney organoids, together with the advent of CRISPR/Cas9 gene 

editing technology, provide a powerful model for investigating the role of disease-associated 

variants in the context of human kidney tissue. The hypothesis of this thesis is that an 

underlying genetic cause can be identified in this New Zealand pedigree and modelled 

using iPSC-derived kidney organoids. 
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Thesis aims: 

The aim of this thesis is to identify a candidate genetic variant causative for hereditary FSGS 

and related symptoms observed in this New Zealand pedigree, and to explore the utility of 

kidney organoids as a disease model for validating and studying this variant. Specific aims are: 

o To identify a putative causal variant from analysis of variants called from whole exome 

sequencing of the pedigree (Chapter 3). 

 

o To derive patient iPSC lines and rescue the candidate mutation (Chapter 4) and use 

these lines to generate kidney organoids to model the kidney phenotype in vitro 

(Chapter 5). 
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Chapter 2. Methods	

2.1. Whole	Exome	Sequencing	

The whole exome sequencing,  and alignment and variant calling were carried out by our 

collaborators in the Merriman Laboratory (The University of Otago, Dunedin). Alignment and 

variant calling were performed using a pipeline based on a paper by Roberts et al. (2014). 

Briefly, data was aligned using BWA (0.6.1-r104) to human GRCh37. The Genome Analysis 

Toolkit (GATK, v2.3-9) was applied for base quality score recalibration, indel realignment, 

and duplicate removal. SNP and INDEL discovery and genotyping were performed 

simultaneously across all samples using standard hard filtering parameters for variant quality 

score recalibration. 

2.2. Collection	and	processing	of	participant	tissue	samples	

Collection of all samples from participants was performed by study staff clinicians Dr Holm 

or Dr de Zoysa, with appropriate ethics (HDEC approval 17/NTA/204). Three separate samples 

were collected (blood, fibroblasts, and urine) to provide flexibility for the participant, and also 

to provide redundancy for the study in the advent one sample became contaminated by 

bacteria/fungus, therefore rendering it unusable. Samples were then received by us and stored 

or processed appropriately. All four subjects analysed by WES (88G, 87G, P3, and MW4) 

consented to donate all three samples. 

2.2.1. Skin	biopsies	

First, the area where the skin biopsy was to be taken was be cleaned with antiseptic solution, 

and local anaesthetic injected at the site of the biopsy. Approximately 2 minutes later, using 

sterile instruments, a single 3 mm diameter punch biopsy was taken from the arm or leg and 

the skin removed, in order to obtain living cells. Antibacterial ointment and a small dressing 

were placed over the site and the participant was instructed to keep the area clean and dry for 
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the next 5 days. Biopsy tissue was then grown in the laboratory to isolate skin fibroblasts. 

Biopsies cut into smaller pieces with a scalpel and were plated as explant cultures in gelatin-

coated 6-well plates (Corning) in DMEM (Gibco) with 20% fetal calf serum (MediRay), 1% 

penicillin streptomycin (Life Technologies) and 1:10,000 Plasmocin (Jomar Life Research). 

Cells were cultured for approximately 2 weeks over which period dermal fibroblasts migrated 

out of the explanted tissue. Following derivation, these skin fibroblasts were used as our 

preferred tissue source for reprogramming into patient-derived iPSCs. 

2.2.2. Urine	samples	

Participants were asked to privately collect a midstream urine sample of  approximately 200 

mL.  To do this, participants were instructed to pass the first part of the urine stream (1-2 

seconds), and then collect at least 200 mL of urine in a provided sample container. Post 

collection, the urine sample was be transferred into 50 mL Falcon tubes in a Class II biosafety 

hood and centrifuged to collect living cells that are shed into the urine. The cell pellet was 

resuspended in Renal Epithelial Growth Medium (REGM, Gibco) containing 1% penicillin 

streptomycin (Life Technologies) and 1:10,000 Plasmocin (Jomar Life Research) and cultured 

on gelatin-coated 6-well plates (Corning). Colonies of ‘urine-derived cells’ appeared between 

3-9 days of culture. These cells were also intended (but not used) as a back-up source of cells 

for reprogramming into iPSCs in case of contamination of our preferred fibroblast samples. 

2.2.3. Blood	

The skin over a vein in the participant's arm was cleaned with antiseptic and a needle put into 

the vein to draw blood (2x 8.5 mL and 1x 8 mL= total of 25 mL) for collection and storage in 

PAXgene Blood DNA tubes (Qiagen). The site of the injection was covered with a dressing 

post procedure. The 2x 8.5 mL samples were used to isolate DNA for the purposes of 

sequencing and analysis to confirm the presence of potential disease-causing variants identified 
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in the whole exome sequencing data. To extract genomic DNA, blood was processed using the 

PAXgene Blood DNA Kit (Qiagen) according to the manufacturer’s instructions. Briefly, 

blood was transferred to processing tubes pre-filled with cell lysis buffer, and the solution 

mixed to lyse red and white blood cells. The solution was then centrifuged to pellet cell nuclei 

and mitochondria, washed, resuspended in digestion buffer, and incubated with protease to 

remove protein-based contaminants. DNA was then precipitated using isopropanol, washed 

with 70% ethanol, dried, and finally resuspended in nuclease free water. The remaining 1x 8 

mL blood sample obtained from participants was taken as a source of peripheral blood cells, 

which was intended (but not used) as a back-up for reprogramming into iPSCs should our 

preferred source (skin fibroblasts) be subject to bacterial or fungal contamination.  

2.3. Molecular	biology	

All chemicals used were of molecular biology grade, and were purchased from Sigma Aldrich 

or Thermo Fisher unless otherwise specified. Reagents were made using ultrapure milliQ water 

with a resistivity of 18.2MΩ.cm at 25°C. 

2.3.1. PCR	

Polymerase chain reaction (PCR) was carried out using a Thermo Scientific Phusion High 

Fidelity DNA Polymerase kit (#F‐530S), with primers at a final concentration of 200nM. 

Reaction mix contained 1µL of cDNA in a total reaction volume of 50 µL. Amplification was 

performed in a Thermo Fisher Arktic Thermal Cycler using a programme consisting of a heat 

start, 98°C for 30 seconds, 35 cycles consisting of 5 seconds denaturation at 98°C, 10-30 

seconds annealing (45-72°C, exact temperature primer dependent), and 15-30 second extension 

per kb at 72°C. A final 10 minute cycle of extension was performed at 72°C followed by 

cooling at 4°C.  
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Purification of PCR products was carried out using an GeneJET Gel extraction kit 

(ThermoFisher Scientific) according to the manufacturer’s instructions. If necessary, the PCR 

product was first run out on a low melting point agarose gel and the band of interest visualized 

and excised using a bench‐top Dark Reader® Transilluminator (Clare Chemical Research). The 

isolated band was then purified according to the manufacturers’ instructions. Samples not 

requiring gel extraction were purified directly. Purified product was eluted into 30 μl of MilliQ 

water and stored at ‐20°C.  

2.3.2. RNA	extraction	and	cDNA	synthesis	

RNA was isolated from samples using the GENEzol™ TriRNA Pure Kit (Geneaid). 

GENEzol™ reagent was added to cells (volume was chosen according to the manufacturer’s 

protocol; approximately 100ul per cm2 of culture dish surface area was added directly to the 

plate). Samples were incubated for 5 minutes at room temperature and then either stored at -

80°C or isolated immediately according to the manufacturers’ protocol. Isolated RNA samples 

were eluted into 35ul nuclease-free water. RNA samples were then DNAsed by adding DNAse 

(Roche), 10X DNAse incubation buffer (Roche), and RNAse inhibitor (Roche)  to samples and 

incubating for 10 minutes at 27°C, 10 minutes at 75°C . 

cDNA was synthesized from isolated RNA samples using qScript cDNA SuperMix 

(QuantaBio) according to the manufacturer’s instructions. Reaction set up is detailed in Table 

2-1. Samples were incubated in a thermocycler for 5 minutes at 25°C, 30 minutes at 42°C, and 

5 minutes at 85°C.  

Table 2-1 Reaction set up for cDNA synthesis. 

Reagent qScript SuperMix RNA Nuclease-free water 

Volume 4ul 1pg-1ug Up to 20ul 
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2.3.3. Quantitative	PCR	(qPCR)	analysis	

qPCR reactions were carried out in 384-well plates (MediRay) using PerfeCTa SYBR® Green 

SuperMix (QuantaBio) reagent. Reaction set up is detailed in Table 2-2. Prior to use, cDNA 

was diluted between 1/1-1/10 depending on the individual assay. Assays were run using the 

Applied BioSystems QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific). 

Primers used for these assays were ordered as 18-22nt lyophilized oligonucleotides (IDT), 

resuspended to 1 nmol/µL stock in nuclease free H2O, and further diluted 1/10 to a 100 µM 

working stock forward and reverse primer mix before use. Forward and reverse sequences are 

given in Table 2-3. 

Table 2-2 Reaction set up for qPCR. 

 

Table 2-3 List of primers used in this thesis 

Target Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) 

HPRT CATTATGCTGAGGATTTGGAAA

GG 

CTTGAGCACACAGAGGGCTACA 

GAPDH GGTGGTCTCCTCTGACTTCA GTTGCTGTAGCCAAATTCGT 

WT1 CAG ATG AAC CTA GGA GCT 

ACC TT 

TGC CCT TCT GTC CAT TTC A 

NPHS1 AGTGTGGCTAAGGGATTACCC  TCACCGTGAATGTTCTGTTCC  

NPHS2 TTGTTCAGGTTGGTGACAGG TTGTTCAGGTTGGTGACAGG 

PODXL TCC TTG TTG CTG CCC TCT CTC TGT GAG CCG TTG CTG 

MAFB TTGTAACCAGAATCACCCTGAG

GTC 

CCAGGGTCAGGGATGGCTAA 

ACTN4 GGGCAGAAGAGATTGTGGAC TTGTTCAGGTTGGTGACAGG 

INF2 CACATCCAACGTGATGGTGAAG CACATCCAACGTGATGGTGAAG 

Reagent Primers (100 µM primer mix) PerfeCTa SYBR® Green 

SuperMix 

cDNA 

Volume 0.4µL 5 µL 4.6 µL 
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TRPC6 TGAAGTGAAATCAGTGGTCA AAA TTT CCA CTC CAC ATC AG 

TCF/POD2

1 

CGGTCACTTAAGGCAGATCC GTCACCACTTCCTTCAGGTCA 

MAGI2 CAT CAT TGG TGG AGA CGA GC AAG GGT AGC CAC GAC ACA AC 

USP18 AGA CCT GCT GCC TTA ACT CC GGA CGC TTC TCC TCT GCT C 

PHF19 GGG TCC TGT GGA AGG ACA T CCC ATG CAG ACG TCA CAC 

IL10 CCC AAG CTG AGA ACC AAG A CTT CAT TGT CAT GTA GGC TTC 

IGFBP5 CAA GAG AAA GCA GTG CAA 

ACC 

AGA TGA AAT GAG TGG CGT CC 

CD2AP CCG AGT TGG GGA AAT CAT 

CAG 

CCG AGT TGG GGA AAT CAT CAG 

GLEPP1 TCA GGC CAT GCA GTG TAG 

TTA AA 

CCT GTA GAC ACT TCC GGA TCA AC 

PLCE1 GAG CTG CAA TCG AAG TCT GG AAG GCC TTC TGT GAG TCC TC 

COL4A3 TTC ACA GCC AAA CCA CTG AC GCA CGT TCC TCT TCC ATG AC 

LMX1 CCT TTG AGC AAG TAA GGA 

TAA TGA ATG 

GGG ACT GAA TTT CCC AGC AA 

SOX2 AGCTACAGCATGATGCAGGA CCTCATGGAGTTGTACTGCA 

C-MYC ACTCTGAGGAGGAACAAGAA TGGAGACGTGGCACCTCTT 

OCT3/4 TGTACTCCTCGGTCCCTTTC  TCCAGGTTTTCTTTCCCTAGC  

NANOG TACCTCAGCCTCCAGCAGAT  CCTTCTGCGTCACACCA TT  

Vector 

SeV 

GGATCACTAGGTGATATCGAGC ACCAGACAAGAGTTTAAGAGATATGT

ATC 

Vector 

KOS 

ATGCACCGCTACGACGTGAGCG

C 

ACCTTGACAATCCTGATGTGG 

Vector 

Klf4 

TTCCTGCATGCCAGAGGAGCCC AATGTATCGAAGGTGCTCAA 

Vector 

cMyc 

GAGAAGAGGATGGCTACAGAG

A 

GACGTGCAACTGTGCTATCT 

WT1 SNP 

gDNA 

GTAGATGACCCAGAGGCTTCT CAGAAGCACCGGTATCTTGTC 

WT1 full 

length 

CTGCAGGACCCGGCTTCCAC TCAAAGCGCCAGCTGGAGTT 

WT1 

(Sanger) 

GAGTGGGTGCCTTGTGATGAC - 
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2.3.4. TaqMan	hPSC	Scorecard	Assay	

This was performed according to the manufacturer’s instructions on cDNA prepared from iPSC 

samples and day 7 randomly differentiated embryoid body samples. qPCR was run using 

QuantStudio 6 and analysed according to the manufacturer’s instructions at 

www.lifetechnologies.com/scorecarddata.  

2.3.5. Genomic	DNA	isolation	

gDNA was extracted from cell samples using a DNeasy Blood & Tissue Kit (Qiagen). Samples 

were washed with PBS (Gibco) prior to collection and pelleted via centrifugation at 300 x g for 

5 minutes, before isolating according to the manufacturer’s instructions. Samples were eluted 

into 200 µL of nuclease free water.  

2.3.6. Sanger	sequencing	

All Sanger sequencing was performed as a fee-for-service by Kristine Boxen in the School of 

Biological Sciences sequencing facility, University of Auckland. 

2.3.7. Cloning	CRISPR-Cas9	guides	into	pSpCas9(BB)-2A-GFP	

Guides were ordered from Integrated DNA Technologies, Inc (IDT) as DNA oligonucleotides 

comprised of 20 nucleotide guide sequences flanked by overhanging nucleotides 

complementary to those generated in the plasmid by BbsI restriction digest. Briefly, to prepare 

the sgRNA inserts, the top and bottom strand oligonucleotides were annealed. The sgRNAs 

were then cloned into pSpCas9(BB)-2A)-GFP and transformed using One ShotÔ Top10 

Chemically Competent E. coli (Life Technologies). 5 individual colonies per guide were 

picked, grown in LB broth (Fisher Bioreagents) and DNA was extracted and purified using a 

GeneJET Plasmid Miniprep Kit (Thermo Scientific). Plasmid DNA was pre-screened for 

successful ligation of sgRNA into the plasmid via restriction digest with  BbsI (NEB). Clones 
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that had lost the BbsI restriction site (indicating successful ligation) were confirmed via Sanger 

sequencing and DNA was extracted and purified using a GeneJET Plasmid Midiprep Kit 

(Thermo Scientific) for use in further experiments. 

2.3.8. T7	endonuclease	assay	

T7 endonuclease assay was performed to assess gene editing efficiency. PCR reactions were 

set up and purified as per chapter 2.3.1 using 100 ng of edited genomic DNA as a template. T7 

endonuclease digestion was performed in two steps. First, PCR amplicons were annealed. 

Reaction assembly is given in Table 2-4 and thermocycler settings in Table 2-5. T7 

endonuclease was then added to the annealed products and incubated for 20 minutes at 37 °C 

to digest mismatched PCR products. Digestion was run out using gel electrophoresis to detect 

mismatches which indicated editing has occurred. 

Table 2-4 Annealing reaction assembly 

Component 19 µL Annealing reaction 

DNA 200 ng 

10X NEBuffer2 2 µL 

Nuclease free water Up to 19 µL 

 

Table 2-5 Hybridization conditions 

Step Temperature Ramp rate Time 

Initial denaturation 95°C  5 minutes  

Annealing 95°Cà85°C 

85°Cà25°C 

-2°C/second 

-0.1°C/second 

 

Hold  4°C Hold 
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2.3.9. Restriction	digest	

Restriction digest was performed using restriction enzymes (NEB) in accordance with the 

manufacturer’s suggested protocol, for > 2hours at 37°C. Reaction set up is detailed in Table 

2-6. 

Table 2-6 Restriction digest reaction assembly 

Component Amount 

Restriction enzyme 10 units (enzyme dependent) 

10X NEBuffer 5 µL  (1X) 

Total reaction volume  Up to 50 µL with milliQ 

 

2.3.10. Western	blot	

All reagents and equipment are Bio-Rad unless otherwise specified. Homemade gels were 

made at 10% acrylamide according to the recipe in and stacking gel made according to the 

recipe in table Table 2-8. Precast gels used were 4-15% Mini-Protean® Protein Gels.  

2.3.10.1. Sample	preparation	

Protein samples were harvested from cells in RIPA buffer (10 mM Tris-HCl pH8.8, 1 mM 

EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 1 mM PMSF) 

with cOmpleteÔ Mini Protease Inhibitor Cocktail (Roche). Samples were quantified using a 

DCÔ Protein Assay according to the manufacturer’s instructions and measured at 650 nm. 

Samples were denatured at 99°C for 5 minutes prior to loading on an acrylamide gel.  

2.3.10.2. Electrophoresis	via	SDS-Page	

SDS-Page was carried out using a Mini-PROTEANâ Electrophoresis chamber (Bio-Rad) 

using a 1X running buffer running buffer. Proteins were resolved on a 10% separating gel 
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(Table 2-7) with a 5% stacking gel (Table 2-8), or on a Precast Gradient 4-15% Mini-Protean® 

Protein Gel, with Precision Plus ProteinÔ Dual Colour Standards (Bio-Rad). Gels were run at 

110 V for approximately 90 minutes. 

Electrophoretic transfer: Protein was transferred to a nitrocellulose membrane using a Trans-

BlotâTurboÔ Transfer System (Bio-Rad), following pre-incubation of the gel (in 1X running 

buffer with 1%SDS) and the membrane (in 1X running buffer with 20% methanol). Transfer 

was performed at  25V for 15 minutes. 

Protein Detection: The nitrocellulose membrane was incubated in blocking buffer (3% BSA in 

1XPBS with 0.1% Tween20) for >1 hour. The membrane was then incubated with a Mouse 

anti-WT1 (F-6) antibody (Santa Cruz) overnight at 4°C at a dilution of 1:1000. The blot was 

washed in PBST for 3 X 20 minutes, followed by a secondary goat anti-mouse IgG-HRP (sc-

2005) antibody (Santa Cruz) at a dilution 1/20,000. The blot was again washed 3 X 10 minutes 

in PBST, followed by detection using ECL (Bio-Rad) in accordance with the manufacturer’s 

instructions. Blots were sandwiched in plastic film and imaged using an ImageQuantÔ 

LAS4000 system. Exposure times determined automatically. 

Table 2-7 Recipe for 10% acrylamide gel 

10% Gel 7.5 mL (1 gel) 

H20 3.2 mL 

40% Acrylamide 1.875 mL 

1.5 Tris pH 8.8 1.875 mL 

10% SDS 75 µL 

10% APS 75 µL 

TEMED 3 µL 
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Table 2-8 Recipe for stacking gel 

Stacking gel 3 mL, 1 Gel 

H20 2.175 mL 

40% Acrylamide 375 µL 

1.5 Tris pH 8.8 375 µL 

10% SDS 30 µL 

10% APS 30 µL 

TEMED 3 µL 

 

2.4. Cell	culture	

Unless stated otherwise, all cell culture reagents were Gibco cell culture grade reagents from 

Life Technologies, or from StemCell Technologies, and all plasticware was Corning®. 

Calcium and magnesium free Dulbecco’s phosphate buffered saline (DPBS) was used. Work 

was carried out in Class II biosafety hoods, and cells were cultured in incubators (HeracellTM, 

Thermo Fisher) at 37°C, 5% CO2. Stem cell plates were coated at least 1 hour prior to use with 

Geltrex™ LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Gibco™). 

2.4.1. MycoAlert	mycoplasma	test	

iPS cell lines were tested regularly for mycoplasma using the MycoAlertTM Mycoplasma 

detection kit (Lonza), which tests for the presence of enzymes specific to mycoplasma. Medium 

exposed to cells for 24 hours was  collected, centrifuged and assayed as per the manufacturer’s 

instructions. As a control, a MycoAlertTM Assay Control Set (Lonza) was also used with each 

assay. Readings were taken in krystal fluorescence 96-well black clear bottom plates (Porvair) 

using a VICTOR X Multilabel Plate Reader (Perkin Elmer), and readings were set to 1 count 

per second. Two readings were taken; the first (reading A) was taken after a 5 minute 
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incubation with the reagent, and the second (reading B) was taken after a 10 minute incubation 

with the substrate. Results were calculated as a ratio of the two readings (B/A), and results <0.9 

were accepted as negative. 

2.4.2. HEK293	cell	culture	

HEK293 cells were cultured in DMEM/10%FBS/1%Penicillin-streptomycin with 1:10,000 

plasmocin added. Cells were passaged before reaching 80% confluency (approximately twice 

weekly), using 0.05% Trypsin for ~5 minutes at 37°C. Cells were centrifuged, washed with 

PBS (Gibco) and resuspended and plated in fresh culture media. 

2.4.3. Lipofectamine	transfection	

Cells were plated in a 24 well format 24 hours prior to transfection so that they were ~50% 

confluent on the day of transfection. Transfection was performed with Lipofectamine2000 

(Life Technologies) according to the manufacturer’s instructions. Cells were harvested 48 

hours post transfection.  

2.4.4. Luciferase	reporter	assays	

Assays were performed using a Dual Luciferase® Reporter Assay (Promega) according to the 

manufacturers’ instructions. All assays were performed in HEK293 cells, and all transfections 

were performed using Lipofectamine2000 (Life Technologies). pGL3 firefly luciferase 

reporter constructs containing reporter genes AMHR2, AREG, PODXL, and MAFB, and a Tk-

Renilla reporter construct were obtained from previous Davidson laboratory member Lori 

O’Brien. Assays were performed in 24-well plate format, with 1 µL Lipofectamine2000 and a 

total DNA amount of  500 ng used per well. Final experiments were performed with 500 ng of 

DNA comprised of 375 ng WT1 construct DNA (wild-type, WT1-variant, or empty control), 

and 125 ng luciferase reporter constructs at a 1:10 ratio of firefly:Renilla. Cells were lysed and 

luciferase activity measured at 48 hours post transfection using a VICTOR Multilabel Plate 
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Reader (Perkin Elmer). All conditions were replicated in triplicate wells within each 

experiment, and each experiment was repeated on three separate occasions. 

2.4.5. Derivation	of	iPSC	lines	

iPSCs were derived from fibroblasts obtained from affected individuals in the NZ pedigree 

(cultured as per 2.2.1). Reprogramming was performed using the CytoTune-iPS Sendai 

reprogramming kit (Thermo Fisher). This system uses vectors based on a modified form of 

Sendai virus to deliver and express the key genetic factors (Oct4, Sox2, Klf4, and c-Myc) 

necessary for reprogramming somatic cells into iPSCs. These vectors are non-transmissible 

and do not integrate into the host genome or alter the genetic information of the host cell. 

Briefly, fibroblast cells were transduced with three modified Sendai vectors at the appropriate 

multiplicity of infection (MOI), and incubated for 24 hours before replacing with fresh media. 

Cells were then cultured until day 7 (with media changes performed every other day), at which 

point they were split onto Geltrex (Geltrex™ LDEV-Free Reduced Growth Factor Basement 

Membrane Matrix,  Thermo Fisher) coated culture dishes. On day 8 cells were transferred 

to culture medium specially formulated for the growth and expansion of human pluripotent 

stem cells (Gibco Essential 8), and following this, cultures were monitored for emerging iPSC 

colonies which became apparent at 3-4 weeks post transduction. Individual colonies were 

manually picked and transferred to fresh culture dishes where they were expanded as individual 

new iPSC lines. 

2.4.6. Human	embryonic	stem	cell	(hESC)	lines	

Wild-type control and WT1-mutant hESC lines were provided by our collaborators in the 

McMahon Laboratory, USC, USA). The McMahon laboratory has previously generated a wild-

type reporter line which has been modified from the H9 human ESC line (commercially 

available via WiCell), to contain a P2A-EGFP cassette downstream of the Mafb open reading 
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frame. The WT1 SNP of interest was generated in this line by the McMahon laboratory via 

CRISPR-Cas9 mediated gene editing using the donor oligonucleotide sequence and guide RNA 

shown in figure 2.1. The reverse complement of the shown donor template was used. 

Wild type control ESC line: H9-MAFB-P2A-EGFP  

WT1-variant ESC line: H9-MAFB-P2A-EGFP-WT1mut 

 

Figure 2-1. H9MAFB-P2A-EGFP-WT1-mut gRNA and donor oligonucleotide sequences. 

gRNA sequence and donor template sequence used to generate the WT1 G>A SNP of interest 
in H9-MAFB-P2A-EGFP by our collaborators in the McMahon Laboratory (University of 
Southern California). The reverse complement of the shown donor sequence was used to 
perform the editing. 

 

2.4.7. Stem	cell	culture	

Stem cell lines were cultured in mTeSR 1 (Stemcell Technologies) medium supplemented with 

both 1% penicillin-streptomycin, and  2.5ug/µL (1:10,000) Plasmocin (Jomar Life Research). 

Medium was changed daily. Cells were passaged when they reached ~70% confluence using 

Gentle Cell Dissociation (GDR) reagent (Stemcell Technologies) for 3-4 minutes at room 

temperature. GDR was aspirated and cells scraped from the dish using a cell lifter (Biologix), 
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and reseeded on a fresh Geltrex® coated dish. Medium was supplemented with 5 M Y27632 

dihydrochloride ROCK inhibitor for 24 hours following passaging to facilitate cell survival. 

2.4.8. Karyotyping	

Cells were prepared for karyotyping from a 10 cm dish (approximately 50-70% confluent) 

beginning with the addition of 100 µL sterile filtered 30mg/mL thymidine (SigmaAldrich). 

Cells were incubated 16 hours overnight and 100 µL 10uM 2’-deoxycytidine (SigmaAldrich) 

was added the next morning. Following a 5 hour incubation, 100 µL of 10ug/mL colcemid 

(Roche) was added for 10 minutes. Cells were detached with 3-5 minute Accutase treatment at 

37°C, centrifuged 5 minutes at 800 x g, and supernatant aspirated. The pellet was incubated in 

5 mL of prewarmed 0.4% KCl at 37C for 15 minutes, followed by resuspension in 3:1 

methanol:glacial acetic acid fixative and 5 minute centrifugation at 800 x g. Resuspension and 

centrifugation were repeated 3 times, and samples stored in fixative until karyotyping. 

Karyotyping was performed by LabPLUS (ADHB). 

2.4.9. Random	embryoid	body	(EB)	formation	

Embryoid body (EB) formation was performed according to the instructions provided by the 

TaqMan hPSC Scorecard Assay  (Thermo Fisher). Cells were treated as for a normally 

scheduled passage, and then plated into an Ultra-low attachment 6-well plate (Corningâ) 

instead of a regularly treated culture dish. EBs were maintained for seven days in culture, with 

medium changes performed every other day. Medium is given in Table 2-9. On d7 EBs were 

washed in PBS and fixed overnight in 4% PFA before being embedded in paraffin blocks as 

per section 2.5. 
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Table 2-9 Randomly differentiated embryoid body culture medium 

Component 100 mL 

DMEM/F12 (Gibco) 79 mL 

KNOCKOUTÔ serum replacement (Life 

Technologies) 

20 mL 

100X NEAA  (Life Technologies) 1 mL 

2-Mercaptoethanol (Gibo) 100 µL 

2.4.10. Reverse	transfection	

Cells were seeded in 10 cm plate at least 24 hours prior such that they were 70-80% confluent 

at the time of transfection. On d0, 0.5mL mTeSR + 10uM Rock inhibitor (Y-27632) was added 

to fresh plates. Reverse transfection was performed using TransITâ-LT1 Reagent (Mirus) 

according to the manufacturer’s instructions. Transfection complexes were prepared as 

described in Table 2-10 and incubated 15-20 minutes. While incubating, cells were harvested 

using Accutaseä for 5-10 minutes at 37C before adding 4 mL mTeSR1 + ROCK inhibitor and 

centrifuging at 800 x g for 5 minutes. TransIT-LT1:DNA complexes prepared earlier were 

added to wells of a 12 well plate containing 0.5 mL mTeSR1 + ROCK inhibitor. Following 

centrifugation, the supernatant was aspirated and fresh mTeSR1 + ROCK inhibitor was added. 

Cells were counted and approximately 2 x 105  cells were plated into each well containing 200ul 

OptiMEM® I Reduced-Serum Medium, 2ug total DNA, and 4ul TransIT®-LT1 Reagent. 

Media was replaced with mTeSR1 only 24 hours post transfection, and cells harvested and 

isolated by cell sorting at 3 days post transfection. 
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Table 2-10 Preparation of reverse transfection complexes 

Reagent Amount 

OptiMEMâ Reduced-Serum Medium 200 µL 

DNA (plasmid and ssODN template) 2 ug 

TransIT®-LT1 Reagent (Mirus) 4 µL 

 

2.4.11. GFP	activated	cell	sorting	of	transfected	iPSCs	

3 days post transfection, cells were harvested using GDR for 5 minutes at room temperature, 

washed with PBS, manually detached with a cell lifter (Biologix), 1 mL of DMEM/1%FBS 

added, and passed through a 30 micron cell strainer into a FACS tube (BD). Cells that had 

successfully been transfected were isolated based on GFP expressed from the transfected guide 

plasmid using a BD FACSVantage cell sorter. 8000 cells were collected and plated in a 10 cm 

dish containing pre-conditioned media (collected earlier and steri-filtered).  

2.4.12. Colony	picking	and	clonal	cell	line	expansion	

Following plating of sorted cells, plates were monitored for expanding colonies. When colonies 

were of sufficient size, they were manually ‘picked’ via cross-hatching with a P1000 filter 

pipette tip and transferred to a single well of a 98 well plate. Colonies were expanded into 

duplicate plates; one plate was collected and gDNA extracted for genotyping while the 

duplicate plate was kept in culture or frozen back pending results of the genotyping analysis. 

Analysis was performed via BmrI restriction digest (2.3.9) and Sanger sequencing. 

 



44 
 

2.4.13. Kidney	organoid	assay	

Kidney organoids were generated from iPSC and ESC lines according to a protocol developed 

by Przepiorski et al. (2018). Briefly, cells were plated 2-3 days prior such that they were 

approximately 50% confluent with clear, discrete colonies present when starting the assay. 

Cells were washed with 3 X PBS and incubated in 2 mL Dispase (1U/mL, Stem Cell 

Technologies) per 10 cm dish at 37°C for 5-6 minutes until colony edges were beginning to lift 

(visible as clearly defined ‘bright’ lines around colonies). While incubating, complete BPEL 

media was set up (recipe for base media is given in Table 2-11. To base media (18 mL per 10 

cm plate), 3.3 µM Y27632 (6 µL) (ROCK inhibitor, Stem Cell Technologies),  8 µM 

CHIR99021 (14.4 µL) (Stem Cell Technologies), and 1mM 2-mercaptoethanol (32.2 µL) 

(Gibco) were added. 2 mL of complete media was then added to each well of a Ultra-low 

attachment 6-well plate (Corningâ). When ready, cells were washed (2 X PBS), then gently 

detached using a cell lifter (Biologix). The remaining 6 mL of complete BPEL was used to 

wash cells down and evenly distribute between the wells of the 6-well plate. This plate was 

placed in the incubator and cultured undisturbed for 48 hours. On day 2, cells have formed 

embryoid bodies (EBs) with a smooth, round appearance. A half media change was performed 

(media gently aspirated from the top of the well and replaced with fresh BPEL with 8 µM 

CHIR added. On day 3, EBs are transferred into Stage II media (Table 2-12). To transfer, EBs 

are placed in 50 mL Falcon tubes, washed with PBS, and allowed to settle for 10 minutes. 

Media is aspirated off, PBS again added, and EBs again allowed to settle. Supernatant is again 

aspirated off and replaced with Stage II media, before transferring EBs back to the low 

attachment plate. Plates are placed on a rocker in the incubator and Stage II media replaced 

every second day thereafter. Tubules begin appearing around day 7. 

Table 2-11 Recipe for base BPEL media as described by Przepiorski et al. (2018). 



45 
 

Reagent Stock concentration Use per 100 mL 

IMDM - 40.5 mL 

F-12 - 45.5 mL 

PHFMII - 5 mL 

Probumin (BSA) (Sigma Aldrich) 10% w/v in IMDM 2.5 mL 

ITS-X 1000X 100 µL 

aMTG - 3.9 µL 

AA2P 5 mg/mL in WFI water 1 mL 

Penicillin streptomycin 100X 1 mL 

Glutamax 100X 1 mL 

PVA (P8136 Sigma Aldrich) 10% w/v in DPBS 2.5 mL 

Lipids (add after filtration) 100X 1 mL 

Plasmocin (add after filtration) (Jomar) 10000X 10 µL 

 

Table 2-12 Recipe for Stage II media as described by Przepiorski et al. (2018). 

Reagent Stock concentration Add per 500 mL 

DMEM (high glucose)  - 392.5 mL 

KNOCKOUTÔ serum replacement  - 75 mL 

NEAA  100X 5 mL 

Penicillin Streptomycin 100X 5 mL 

Glutamax 100X 5 mL 

HEPES 100X 5 mL 

PVA (P8136 Sigma Aldrich) 10% w/v 12.5 mL 

Plasmocin (Jomar) 10000X 50 µL 
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2.4.14. Organoid	dissociation	and	GFP	activated	cell	sorting	

To dissociate organoids to single cells, organoids were incubated in 1mL of 1X TrypLE™ 

Select Enzyme (Gibco™) for 20 minutes at 37°C, or 1X TrypLE™ Express Enzyme (Gibco™) 

for 5 minutes at 37°C until fully dissociated (as determined visually under a microscope). 10 

mL 1X PBS  was then added and samples centrifugated at 800 x g for 5 minutes to pellet cells. 

Supernatant was aspirated and cells resuspended in 1 mL of High Glucose DMEM 

(HyClone™) with 1%FBS. Samples were passed into FACS tubes (BD) through 30 micron 

filter lids to ensure only single cells were present in suspension, and kept on ice until analysis 

with a BD LSRII Flow Cytometer or sorting with a BD FACSVantage cell sorter. 30000 cells 

were collected into GENEzol™ reagent (Geneaid) for subsequent RNA extraction and cDNA 

synthesis. 

2.5. Tissue	embedding	in	Paraffin	

Fixed tissue was washed in PBS and then embedded in 1% normal agarose (SigmaAldrich) in 

PBS (heated to melt) in plastic moulds, and allowed to set for 1 hour. Agarose blocks were 

removed from moulds, placed in Falcon tubes and dehydrated stepwise through 70%, 90% 

95%, and 2X 100% ethanol washes for 1 hour each (blocks may be left in ethanol overnight). 

Blocks were cleared in Xylol by adding first 100% ethanol:Xylol in a 50:50 ratio, then 100% 

Xylol, again for 1 hour each. Blocks were infiltrated in paraffin first by adding Paraffin and 

Xylol in a 50:50 ratio for 1 hour, then Paraffin overnight and twice per day for two days 

thereafter. To embed blocks in paraffin, melted paraffin was added to blocks placed in moulds, 

a Tissue-Tek Biopsy Cassette placed on top and again filled with molten paraffin, and then 

cooled at -4°C for > 1 hour. Blocks were left at room temperature overnight before removing 

from moulds, and cooled again prior to sectioning using a Leica RM2155 Microtome. Sections 
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were floated onto a water bath and collected on SuperFrostÔ Plus Adhesion Slides (Thermo 

Fisher). 

2.6. Immunohistochemistry		

Immunohistochemistry was performed on both paraffin-embedded sections and on cells plated 

directly onto glass-bottomed dishes and fixed with 4% paraformaldehyde for 10 minutes. 1X 

PBS washes were performed twice for 5 minutes. Antigen retrieval was then performed using 

citrate solution (10mM citric acid, 0.05% Tween, pH6). Dishes or slides were incubated in the 

citrate solution for 30 minutes in a 95°C water bath, and then allowed to cool at room 

temperature for an additional 30 minutes. Following three 5-minute PBS washes, dishes or 

slides were incubated with 1xPBS + 0.5% Triton (50ul Triton-100 in 10mL 1XPBS) for 10 

minutes. Blocking was performed with 1% Horse serum +1% BSA + 1XPBS for 1 hour at 

room temperature. Primary antibody (dilution various between different antibodies, see Table 

2-13) was diluted in 1XPBS + 1% BSA, and incubated O/N at 4°C. Following three 20-minute 

1XPBS washes, anti-mouse/goat/rabbit alexa fluor 594/488 secondary antibodies (Table 2-14) 

were added at 1:500 dilution (1% BSA + 1XPBS), for 2 hours at RT. Slides were again washed 

with 1XPBS, 3 times x 20 minutes. Hoescht 33258 stain (Table 2-14) was applied for 5 

minutes, followed by 3x 5 minute 1X PBS washes. To mount, 5 µl of Prolong diamond antifade 

mounting medium (Thermo Fisher Scientific) was added, and coverslip applied. Slides were 

left to cure for 24 hours in the dark before sealing with clear nail varnish and imaging. 
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Table 2-13 Primary antibodies 

Primary antibody Supplier Code Dilution 

ES cell characterization kit Chemicon SCR001 N/A 

Rabbit anti-HNF1B Sigma Aldrich HPA002083 1:500 

Mouse anti-WT1 (F-6) Santa Cruz SC-7385 1:100 

Mouse anti-TujI In Vitro Technologies RDSMAB1195SP 1:100 

Mouse anti-SOX17 Abcam ab84990 1:200 

Rabbit anti-aSMA Abcam Ab5694 1:200 

 

Table 2-14 Secondary antibodies 

Secondary antibody Supplier Dilution 

Alkaline phosphatase live stain 

(A14353) 

Life Technologies New Zealand Pty 

Ltd 

1:500 

Anti-mouse Alexa Fluor 488 Molecular Probes  1:500 

Anti-mouse Alexa Fluor 594 Molecular Probes 1:500 

Anti-rabbit Alexa Fluor 488 Molecular Probes 1:500 

Anti-rabbit Alexa Fluor 594 Molecular Probes 1:500 

Hoescht 33258 Thermo Fisher 10 µg/mL 

Goat anti-Mouse IgG-HRP (sc-2005) Santa Cruz 1:1000 

 

2.7. Nutlin-3a	treatment	and	TUNEL	assay	

Cells were plated on glass bottomed confocal dishes (Corning) and grown until day 2 when 

approximately 50% confluent. iPSCs were treated with 10 µM Nutlin-3a (Sigma-Aldrich) or 

an equivalent volume of DMSO (2µL in 2 mL media) for 6 hours. Following treatment, 
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TUNEL assay was performed using the ApopTagÒ Plus In Situ Apoptosis Fluorescein 

Detection Kit (Sigma Aldrich). Cells were washed twice in PBS for 5 minutes, fixed in 4% 

PFA for 10 minutes at room temperature, and again washed twice for 5 minutes in PBS. 

TUNEL assay was then performed according to the manufacturer’s instructions. 

2.8. Statistical	analysis	

Statistical analysis was computed using GraphPad Prism. P-values <0.05 were accepted as 

significant. * p denotes <0.05, ** p <0.01, and *** p <0.001. 
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Chapter 3. Identification	 of	 a	 candidate	 gene	 variant	 in	 the	 NZ	
pedigree	

3.1. Introduction		

FSGS is a leading cause of end stage kidney disease (ESKD). While a number of cases have a 

genetic basis, only a handful (~40) of known gene variants have been identified to date 

(Rosenberg & Kopp, 2017). Knowledge of the genetic basis of disease pathology can help  

inform treatment choices and provide avenues for identification of new therapeutic compounds. 

While identification of these variants has traditionally been challenging,  recent advances in 

sequencing technology have contributed to the feasibility of identifying new variants. The 

advent of ‘Next Generation’ sequencing in 2008 has facilitated advances in the efficiency and 

cost of sequencing an individual. A genome can now be sequenced for around $5,000 in a 

single day, compared with the estimated $1 billion over 10 years to sequence the first human 

genome by capillary sequencing (Lander et al., 2001; Schwarze, Buchanan, Taylor, & 

Wordsworth, 2018; Venter et al., 2001). Sequencing an individual genome or exome has 

therefore become much more feasible. The remaining difficulties largely lie in identifying 

causal variants from the sheer number of potential candidates identified by these sequencing 

technologies (Shashi et al., 2014; Taylor et al., 2015). Whole exome sequencing for example, 

typically identifies 60,000-100,000 variants, the vast majority of which are not damaging to an 

individual’s health (Jamuar & Tan, 2015). Despite this, various software pipelines have 

facilitated prioritisation of these large numbers of candidate variants, and in many cases (an 

approximate diagnostic yield between 3%-79% depending on the disease and population), 

disease variants have been able to be identified (Neveling et al., 2013; Schofield et al., 2017; 

Shashi et al., 2014).  
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In this chapter, we describe the identification of a New Zealand family with symptoms of FSGS 

together with defects of the reproductive system. The likely dominant inheritance pattern in the 

pedigree suggested a genetic basis to the symptoms, however no known cause had been 

identified. We hoped to discover an underlying cause to the pathology in the NZ pedigree, 

through whole exome sequencing of individuals in the pedigree and subsequent software based 

analysis, and to test and study identified candidates via further experiments in the laboratory. 

This chapter therefore consists of whole exome sequencing of four individuals from the family 

(3 affected, and one unaffected relative), followed by in silico based variant prioritisation to 

identify a potential causal gene, as well as preliminary assessment of candidate gene function 

via biochemical reporter assay. 

Hypothesis 

That a candidate gene variant responsible for the phenotype in the NZ pedigree could be 

identified via whole exome sequencing and variant analysis. 

Aims 

o To analyse data from Whole Exome Sequencing of affected and unaffected family 

members to prioritise variants and identify potential candidate genes 

 

o To perform preliminary biochemical assay of candidate gene function 
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3.2. Results	

3.2.1. A New Zealand pedigree with syndromic FSGS   

This project stems from preliminary work from the Davidson laboratory and collaborating 

nephrologist Dr Janak de Zoysa (Waitemata DHB) that identified a NZ family that display a 

previously unreported genetic condition of renal impairment with urogenital developmental 

abnormalities.  Inheritance pattern is likely dominant (Figure 3-1, A). At the commencement 

of the study, three affected individuals (all female) were identified and consented for study. 

Symptoms included FSGS, proteinuria, hypertension, and bicornuate uterus (a developmental 

abnormality of the female urogenital system resulting in the uterus having a midline septum) 

(Error! Reference source not found.). Individuals P3 and 88G have biopsy proven FSGS (

representative biopsies from individual 88G shown, figure 3-1 B). The mother (individual 87G) 

was not biopsy proven but was suspected based on clinical presentation and eventual 

progression to ESKD. For individual 88G, electron microscopy demonstrated mild podocyte 

effacement and mild, focal thickening of the glomerular basement membrane (figure 3-1, B). 

These three affected individuals consented to participate in this study (mother and two 

daughters), along with an unaffected relative (father). During the course of the study, an 

additional male family member was born to an affected daughter and presented with 

hypospadias (a developmental defect of the male urogenital system). This individual did not 

participate in the study, but a common genetic cause underlying his symptoms is suspected.  

In order to identify a genetic basis for the phenotypic presentation in this pedigree, whole 

exome sequencing was performed on the four individuals who consented to participate in this 

study. Collection and processing of patient samples, library preparation, and Exome 

Sequencing were performed by our collaborators in the laboratory of Professor Tony Merriman 

(The University of Otago, Dunedin). 
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Figure 3-1 A New Zealand pedigree with FSGS, bicornuate uterus and hypertension.  

(A) Likely dominant inheritance pattern. (B) Representative histology from patient 88G shows 
regions of sclerosis labelled by PAS stain (*). (C) Electron microscopy indicates focal foot 
process effacement and mild thickening of the glomerular basement membrane (encompassed 
by dotted line). (D) Electron microscopy of representative normal, healthy foot processes, 
reproduced with permission from Lefevre et al. (2010). 

D 
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Table 3-1. Clinical presentation in NZ pedigree affected individuals. 
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3.2.2. Whole	exome	sequencing,	alignment	and	variant	calling	

The whole exome sequencing, and alignment and variant calling were carried out by our 

collaborators in Professor Tony Merriman’s Laboratory (The University of Otago, Dunedin). 

Alignment and variant calling were performed using a pipeline based on a paper by Roberts et 

al. (2014). Briefly, data was aligned using BWA (0.6.1-r104) to human GRCh37. The Genome 

Analysis Toolkit (GATK, v2.3-9) was applied for base quality score recalibration, indel 

realignment, and duplicate removal. SNP and INDEL discovery and genotyping were 

performed simultaneously across all samples using standard hard filtering parameters for 

variant quality score recalibration. 

3.2.3. Variant	filtering	and	annotation	

3.2.3.1. Variant	filtering	

Variants were first filtered to fit the inheritance model observed within the pedigree. 

Parameters of the filter were as follows: both the affected mother and unaffected father could 

not be homozygous for the same allele, the unaffected father had to be homozygous, the mother 

could be heterozygous or homozygous, and both daughters had to be heterozygous. This gave 

a shortlist of 2,204 variants, including SNPs and short INDELS that fit the proposed dominant 

inheritance model (Figure 3-2, A). 

3.2.3.2. Variant	annotation	

The huge majority of mutations uncovered by whole exome sequencing are either not harmful, 

or are functionally unrelated to the particular disease phenotype in the patient (Eilbeck, 

Quinlan, & Yandell, 2017). Filtering these variants to determine which are clinically relevant 

is a challenging process. Variant analysis tools can assist in the process of determining putative 

causal variants, however standards and guidelines for navigating these tools are in their infancy. 

Broadly speaking, the first step in sifting through these variants is variant annotation (Eilbeck 
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et al., 2017). It was recently shown that both choice of transcript set and software can have 

major effects on variant annotation, and that there are significant advantages to using Ensembl 

transcripts in identifying potential loss-of-function variants (McCarthy et al., 2014). Based on 

this, we performed annotation using the Ensembl Variant Effect Predictor (VEP) (McLaren et 

al., 2016), which annotates variants based on Ensembl transcripts and gives curated annotation 

and functional effect predictions from the dbNSFP database (X. Liu, Jian, & Boerwinkle, 

2011). VEP also has significant advantages over other tools in terms of annotating frame-shift, 

splicing, and stop mutations. An overview of this analysis is given in Figure 3-2, B. Annotation 

showed that of the 2,204 variants that fit the hereditary pattern in the pedigree, 793 (36%) were 

novel. Based on predicted consequences, VEP classed 21 variants as ‘high impact’ (Error! R

eference source not found.) and a further 91 as having ‘moderate impact’ (not shown). This 

narrowed the shortlist significantly. We also filtered for ‘possibly damaging or ‘probably 

damaging’ PolyPhen scores (Adzhubei, Jordan, & Sunyaev, 2013) and ‘deleterious’ SIFT 

scores (Sim et al., 2012), identifying a subset of 24 variants predicted to have damaging effects 

on protein function (Table 3-2). 
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Figure 3-2. VEP (Ensembl) classification of WES variants and 'High impact' candidates. 

 

Table 3-2. The 21 variants classified as high impact by Ensembl VEP. 
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3.2.4. Phenotype	prioritised	variant	prioritisation	

To further prioritise variants based on their potential connection to the pedigree phenotype, the 

shortlist of 2,204 variants was also processed using Phenolyzer software developed by the 

Wang Laboratory (H. Yang, Robinson, & Wang, 2015). Phenolyzer uses prior biological and 

phenotype database information to weight genes on their association with a specific disease 

phenotype based on user defined keywords. In this instance, keywords used were 

‘glomerulosclerosis’, ‘kidney’, bicornuate uterus’, and ‘hypertension’. Output is a ranked 

candidate gene list with weighted scores based on query of precompiled databases.  Analysis 

demonstrated that by far, WT1 was the candidate gene most associated with the phenotypic 

presentation in the pedigree (Figure 3-2).  

We also cross referenced this list with VEP annotation (Table 3-3), which showed that the 

WT1 variant had a SIFT score of 0.03 (deleterious) and a PolyPhen score of 0.992 (probably 

damaging). PolyPhen analysis of individual WT1 transcripts indicated that the variant was 

‘probably damaging’ to multiple transcripts (Table 3-4). Of the top 20 phenotype weighted 

candidates, 7 others were predicted as potentially damaging to protein function, but the notable 

association of WT1 to the phenotype of interest suggested this variant as the most promising 

candidate. This was consistent with survey of the literature, where a number of published 

instances of WT1-associated urogenital defects were identified (outlined in Chapter 1). Finally, 

a search was performed for known references to the WT1 variant in human genome sequencing 

databases. No existing variant was found in this location by the VEP annotation, which includes 

the 1000 genomes database. The variant was not found in manual searches of the Exome 

Sequencing Project, the ExAC Browser, the NIH Genotype-Tissue Expression (GTEx) portal, 

or the gnomAD genome aggregation database. As far as can be ascertained, the WT1 missense 

substitution at position 11:32410674 is a novel variant. 
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Figure 3-3. Phenotype based prioritisation of variants by Annovar’s ‘Phenolyzer’ 
software.  

Phenolyser weighting for top 20 candidate genes by association to disease search terms entered, 
‘kidney’, ‘hypertension’, ‘glomerulosclerosis’, and ‘bicornuate uterus’. 

 

Table 3-5. Location and predicted consequences of variant 11:32410674 on all affected 
WT1 transcripts. 

LocationLo 

Location 
 

Consequence Transcript cDNA 
position 

CDS 
position 

Protein 
position 

Amino 
acids 

Codons Strand PolyPhen 

11:32410674 missense ENST00000332351 1769 1484 495 R/Q cGg/cAg -1 Probably 
damaging(0.992) 

11:32410674 missense ENST00000379079 1113 839 280 R/Q cGg/cAg -1 Probably 
damaging(0.998) 

11:32410674 missense ENST00000448076 1665 1475 492 R/Q cGg/cAg -1 Probably 
damaging(0.999) 

11:32410674 missense ENST00000452863 1424 1424 475 R/Q cGg/cAg -1 Probably 
damaging(0.998) 

11:32410674 missense ENST00000527882 465 467 156 R/Q cGg/cAg -1 Probably 
damaging(0.999) 

11:32410674 missense ENST00000530998 1071 797 266 R/Q cGg/cAg -1 Probably 
damaging(0.974) 
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3.2.5. Tissue	specific	expression	of	potential	candidate	genes	

While a WT1 mutation represented a promising candidate, a number of other variants were also 

considered, based on the above analysis. ADCK4 for example, is a known FSGS associated 

gene, with variants having been previously reported in cases of familial FSGS (Ashraf et al., 

2013; Korkmaz et al., 2016; Lolin et al., 2017; Vazquez Fonseca et al., 2018). The variant in 

this gene also gave a ‘deleterious’ SIFT score and ‘possibly damaging’ PolyPhen score, and 

gives a missense mutation in exon 14 which encodes part of a functional protein kinase domain. 

Similarly, variants in CDC20 and FARP2 also represented potential candidates. Both variants 

produce a frameshift (which is often associated with a  loss of gene function), and were classed 

as ‘high impact’ variants by VEP software. CDC20 encodes a cell cycle protein, and podocyte 

stress due to dysregulated glomerular growth has been reported to play a role in adaptive forms 

of FSGS (Nishizono et al., 2017). 

Top candidates from each type of analysis were assessed further based on whether these genes 

were known to be expressed specifically in affected tissues (kidney and uterine tissues). Table 

3-6 shows this data for candidates predicted to be ‘high impact’ (based on mutation type and 

location) by VEP software, Table 3-7 for candidates predicted to have damaging consequences 

on protein function (by PolyPhen and SIFT score), and Table 3-8 for candidates most 

associated with the pedigree phenotype (via Phenolyzer analysis). Tissue specific RNA levels 

were assessed in the uterus and the renal cortex, based on data obtained via the Genotype-

Tissue Expression (GTEx) portal (https://gtexportal.org/home/), and are expressed as 

Transcripts Per Million (TPM). Localised protein expression was assessed based on data 

obtained from Human Protein Atlas (https://www.proteinatlas.org/), and is shown as 

glomerulus-specific expression. Intensity is shown as low, medium or high, and quantity of 

cells stained is given as a percentage range (<25%, 25-75%, or >75%). Reliability of the 

Human Protein Atlas immunohistochemistry data is given as a reliability score. RNA tissue 
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specificity is also shown via Human Protein Atlas. We also performed a manual search of the 

literature to search for known disease associations (data not shown). 

Of the candidates assessed, WT1 was originally the strongest candidate identified that fulfilled 

the criteria of being expressed in both the uterus and the kidney in a tissue specific manner, 

and displaying high levels of protein in the glomerulus, together with a known disease 

association with both FSGS and extra-renal symptoms. For this reason, WT1 was selected as 

our top candidate going forward, and is the focus of the remainder of this thesis. However, 

upon further consideration, it should be noted that contribution from more than one candidate 

remains a possibility and we cannot rule out the candidates specifically associated with a single 

phenotype (FSGS only), could also play a contributory role. ADCK4 for example, was 

eliminated based on the absence of a phenotype-based association with the reproductive system 

defects (and a corresponding lack of expression in these tissues). Similarly, CDC20 was not 

found to be highly or specifically expressed in uterine tissue. However, the effects observed in 

the pedigree could represent a combined result of multiple gene variants. The existence of 

previously reported FSGS-associated ADCK4 gene variants suggests that the ADCK4 variant 

in this family merits further investigation in future, as may other top candidates. 
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Table 3-6. Tissue specific gene expression of VEP predicted ‘High Impact’ candidate 
genes. 
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Table 3-7. Tissue specific gene expression of the Phenolyzer top 20 disease-associated 
candidate genes. 
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Table 3-8. Tissue specific gene expression of candidate genes predicted by PolyPhen and 
SIFT to have damaging effects on protein function. 
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3.2.6. A	candidate	mutation	in	the	WT1	gene	

WT1 was first cloned from its locus on chromosome 11p13 in 1990, and multiple functions of 

the gene have since been described (Call et al., 1990; Englert, 1998; L. Yang, Han, Suarez Saiz, 

& Minden, 2007). Arguably best known as a transcription factor of the Cys2/His2 zinc finger-

transcription factor family, WT1 has been implicated in the paediatric kidney cancer Wilms’ 

tumour, as well as multiple syndromes of urogenital development. Roles as a tumour 

suppressor, an oncogene, and an RNA binding factor have also been identified, with specific 

effects dependent on expression level and particular isoforms of the gene.  Of particular interest 

to this study are the number of similar mutations in the Zinc Finger functional domain of the 

protein that have previously been associated with FSGS, as well as defects in both male and 

female reproductive system development and function. 

The gene has 10 exons (Figure 3-4, B) which are alternatively spliced to produce the numerous 

isoforms of the gene. One of the most common splice variants occurs at the KTS site following 

exon 9, giving rise to KTS+ (predominantly involved in RNA binding) and KTS- variants (with 

transcription factor function) (Haber et al., 1991). The N-terminal domain of WT1 consists of 

proline-glutamine-rich sequences and plays a role in interactions with RNA and proteins, and 

also contains domains involved in transcriptional activation and repression (Menke, van der 

Eb, & Jochemsen, 1998). Comparatively, the C-terminal domain is comprised of  four zinc 

fingers with Cys2/His2 motifs that recognise and bind guanidine rich DNA sequences, and also 

play a less well characterised role in interactions with RNA and proteins (Nardelli, Gibson, 

Vesque, & Charnay, 1991). 

In this pedigree, the identified variant is located at chromosome 11, position 32410674 

(Genome assembly GRCh37). Sanger sequencing across this region of gDNA (extracted from 

blood samples for each of the four participants) showed that all three affected individuals had 

a heterozygous G to A substitution at this position, whereas the unaffected relative did not 
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(Figure 3-4, A). This missense mutation results in an amino acid substitution of Arginine (R) 

to Glutamine (Q) within the fourth zinc finger of the functional zinc finger DNA-binding 

domain of the protein (Figure 3-4, B).  This residue represents R424 in the KTS- isoform, and 

R427 in the KTS+ isoform (Figure 3-4, C). It has been demonstrated that this Arginine residue 

is a DNA base contacting residue, and makes a hydrogen bond with the base G in position 3 

within WT1’s cognate DNA binding sequence of 5-GCG-(T/G)GG-G(A/C)G-(T/G)(T/A/G)-

(T/G)-3’ (Yengo et al., 2018). 
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Figure 3-4  Location of the candidate WT1 variant.  

(A) The candidate SNP discovered in the WT1 gene (chr11:32410674)  was confirmed to be 
present in all three of the affected individuals (87G, 88G, and P3) and not present in the 
unaffected relative via Sanger sequencing of genomic DNA derived from blood samples from 
each family member. (B) Schematic overview of the chr11:32410674 (genome assembly 
GRCh37) G to A missense substitution located in exon 10 of the WT1 gene, which encodes 
the fourth zinc finger of the functional zinc finger domain. The non-synonymous SNP results 
in an arginine to glutamine substitution (R424Q) in a putative DNA base contacting residue of 
the fourth zinc finger of the protein. Putative DNA base contacting residues are shaded black. 
Zinc finger domain schematic adapted with permission from Laity, Dyson, and Wright (2000). 
(C) Crystal structure showing base specific interactions between target DNA sequence and two 
Arginine amino acids in the WT1 KTS- isoform (left hand panel; green) and the KTS+ isoform 
(right hand panel; purple). Reproduced with permission from Yengo et al (2018). 

C 

B 
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3.2.7. Luciferase	assay	of	WT1	variant	DNA	binding	function	

Given that the candidate WT1 variant results in an Arginine (R) to Glutamine (Q) substitution 

in the functional DNA binding domain of the protein, we next wanted to assess whether DNA 

binding ability was altered in the variant protein. It has been shown that the common splice 

isoform involving insertion of the KTS sequence abrogates zinc finger four contact with DNA 

(Laity et al., 2000), so we investigated the WT1 KTS- (-/-) isoform (the isoform of the gene 

best known for transcription factor function). As a preliminary test of this function, biochemical 

reporter assays were performed in HEK293 cells using a dual luciferase reporter system 

(Promega). Luciferase reporter assays are well established as in vitro readout of transcription 

factor activity. For these experiments, a commercially available dual reporter kit (Promega 

Dual-Luciferase® Reporter Assay System, Catalogue #E1910) was used. The principle of this 

assay involves co-transfection of the transcription factor of interest (in this case WT1), and 

vectors containing known WT1 target promotor sequences upstream of a luciferase gene. 

Firefly luciferase was used for this purpose in a pGL3 vector containing known WT1 target 

promoters from PODXL, MAFB, AREG, (a growth factor of the epidermal growth factor 

family), and AMHR2 (the receptor for Anti-Mullerian Hormone, which plays a role in male sex 

differentiation by inhibiting development of the uterus and fallopian tubes) (Dong, Pietsch, 

Tan, et al., 2015; Kann et al., 2015; Klattig, Sierig, Kruspe, Besenbeck, & Englert, 2007; S. B. 

Lee et al., 1999; Palmer et al., 2001). Reporter constructs were provided by previous Davidson 

Laboratory member, Lori O’Brien. A separate construct containing the Renilla luciferase gene 

was co-transfected under a constitutive, minimally active TK promotor, which should remain 

constant under experimental conditions and therefore serves as an internal experimental 

control. Transfection was performed in 24 well plates at 50% confluency with 500ng total 

DNA, and luciferase activity measured at 48 hours post transfection. Firefly luciferase activity 
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was normalised to Renilla luciferase activity, giving a proportional readout of the efficiency at 

which WT1 binds to its target promotor region and activates transcription. 

Initially, the assay was performed with one target (PODXL) to optimise experimental 

conditions within the guidelines suggested by the manufacturer. Amount of construct 

transfected (while keeping total DNA and luciferase construct ratios constant) showed little 

effect on induction between 20ng and 100 ng of DNA for the wild type or WT1-variant 

construct, but did show a dose dependent increase in firefly induction at 375ng of wild type 

WT1 construct DNA (Figure 3-4, A). Altering the ratio of firefly to Renilla constructs from 

1:10 to 1:50 had little effect on the read-out (Figure 3-4, A). Based on this, 375ng of WT1 

construct DNA and a 1:10 firefly:Renilla luciferase ratio were used for subsequent 

experiments. Western blot of transfected HEK293 cell lysates at 48 hours confirmed similar 

levels of wild type WT1 and the WT1-variant, at levels much greater than natively expressed 

in the control well lysate (Figure 3-4, B). Additional promoters from MAFB, AREG, and 

AMHR2 were also assayed. Analysis using the dual reporter method of normalisation did not 

show significant induction of these constructs over and above the empty vector control (Figure 

3-5, C). The previous induction by the PODXL reporter at 375ng dose was also not observed 

upon repeated assay and appeared to have been an anomaly.  Upon closer inspection, it was 

apparent that the Renilla control reporter was in fact also being induced by the WT1 constructs 

(Table 3-5). Moreover, this induction was much greater by the wild-type WT1 construct than 

the WT1 variant. This induction invalidated the use of the Renilla reporter as an internal control, 

so we instead normalised the data using a method suggested by Maser (2003), whereby each 

triplicate value within a condition is normalised to the mean Renilla reading for that condition, 

and expressed as mean normalised firefly values rather than a fold change. When normalised 

in this manner, reporters PODXL, AREG, and AMHR2 showed marked induction following 

overexpression of wild-type WT1, and significantly reduced induction in the presence of the 
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WT1-variant (Figure 3-4, D). MAFB remained unchanged, which was unexpected, but may 

reflect a feedback effect occurring at artificially high, non-physiological levels of WT1. This 

trend held across three repeated assays.  With some caveats, this analysis suggests that the 

WT1-variant has a negative effect on the ability of WT1 to activate the transcription of some 

known target genes, suggesting a possible defect in DNA binding. Furthermore, this 

preliminary evidence suggests that the WT1-variant is hypomorphic in nature. 
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Figure 3-5. Luciferase reporter assay of WT1-variant function. 

Normalised (to Renilla) induction of pGL3 PODXL reporter driven luciferase expression at 3 
doses of transfected WT1 (wild type and variant) construct or empty control (CTL) vector (20, 
100, and 375ng) and at 2 ratios of firefly:Renilla luciferase (10:1 and 50:1, both with 20ng 
WT1 construct DNA). (B) Western blot of WT1 in cell lysates transfected with wild type WT1, 
WT1-variant, and empty vector. (C) Induction (normalised to Renilla) of four reporter pGL3 
firefly luciferase vectors constructs containing MAFB, PODXL, AREG, and AMHR2 
promotors did not show significant induction. (D) Firefly luciferase RLUs (normalised within 
each condition as per Maser (2003)) induced by reporter pGL3 firefly luciferase vectors 
constructs containing PODXL, AREG, and AMHR2 promotors were activated at lower levels 
following overexpression of the WT1-variant compared with wild type WT1. No induction was 
observed with a MAFB reporter. Mean values ±SD are shown from three separate wells per 
assay, and results are representative of three independent assays. P-values *<0.05, , unpaired 
t-test, GraphPad Prism. 

Table 3-9 Representative luciferase data (PODXL reporter, 100ng) 

PODXL Mean Firefly (F) 
Mean Renilla 
(R) F/R Fold change 

CTL empty vector 743,850 6,799,727 0.109394106 1 
WT1 wild type  2,597,032 16,443,182 0.157939721 1.443768108 
WT1 variant 1,137,044 7,821,073 0.145382107 1.328975689 
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3.3. Discussion	

This chapter describes the identification of a candidate variant in the WT1 gene, based on whole 

exome sequencing of individuals in the NZ pedigree and subsequent analysis and annotation 

of the shortlisted variants. This variant fit the likely dominant inheritance pattern in the 

pedigree, and a large body of previous literature on other known WT1-associated urogenital 

syndromes is consistent with the phenotypic presentation of FSGS, bicornuate uterus, and 

hypospadias within the pedigree. The location of the variant within the fourth zinc finger of the 

functional DNA-binding domain suggests a potential mechanism for the effects of the 

mutation. Further to this, luciferase based reporter assay of function demonstrated marked 

reduction in capacity of the WT1-variant protein to bind known transcriptional target sites and 

activate expression of a reporter gene downstream of these target regions. 

3.3.1. Considerations	regarding	variant	annotation	and	filtering	

At the outset of this work, we were aware that sequencing for candidate genes in Mendelian 

disease does not always successfully yield a diagnosis. A wide range of successful diagnosis 

percentages have been reported, from a meagre 3% in a population of patients with bowel 

cancer (Neveling et al., 2013), to 33.5% in a targeted exome sequencing of 120 hearing loss 

genes (Zazo Seco et al., 2017), to 79% in a study of childhood-onset muscle disorders 

(Schofield et al., 2017). Any given individuals’ exome contains large numbers of protein 

sequence altering mutations but only infrequently do these have consequences for protein 

function, and of these, some have incomplete or non-penetrance. Even among those variants 

that are de novo or rare, and predicted to be damaging to protein function, one report showed 

that, around half of those predicted to be deleterious were actually neutral when looking at data 

from functional genomics studies (Miosge et al., 2015). Conversely, premature exclusion of 

causative variants can also occur over the course of narrowing down the candidates through an 
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analysis pipeline. Variant identification alone is therefore not sufficient, and any potential 

candidate should be confirmed experimentally. We were cautiously optimistic that the variant-

of-interest was involved in the pathology observed in the pedigree, given the association of 

many previously identified mutations in the WT1 gene to various syndromes with similar 

pathology. In addition to relying on damage prediction tools, we performed our own review of 

the literature, which suggested that the affected residue was indeed a putative DNA contacting 

residue with likely consequences for binding of the protein to DNA. Further to this, the fact 

that this residue is predicted to contact DNA only in the KTS- isoforms of the gene (the isoform 

best associated with transcription factor activity) suggested an effect on the ability of WT1 to 

act as a transcription factor. An effect of this description was also borne out by preliminary 

reporter assays, and in further assays in subsequent chapters. Had we not been able to 

demonstrate an effect, it could conceivably have been the case that other causative variants had 

been excluded too early, and further analysis would have been required. Whole exome 

sequencing is also limited in that it does not cover the entire genome. An estimated 97% of 

exons are covered and around 10% at coverage too low to reliably call heterozygous variants, 

so some variants can and will be missed (Jamuar & Tan, 2015). If variants are not identified 

by this analysis it can also be the case that variants of interest are in fact located in non-coding 

intronic or regulatory regions of the genome. However, given the identification of a promising 

candidate with demonstrable effects in subsequent work, further analysis was not required and 

the remainder of this thesis focused on analysis of the WT1 variant. It should be noted however 

that we have not ruled out the potential for additive effects from more than one candidate, and 

contribution from additional candidate genes could also be assessed in future, particularly 

candidates outlined in section 3.2.5. ADCK4 variants in particular have been previously 

associated with FSGS and may merit investigation alongside the WT1 variant (Ashraf et al., 

2013; Korkmaz et al., 2016; Lolin et al., 2017; Vazquez Fonseca et al., 2018). 
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3.3.2. Reporter	assay	of	variant	function:	considerations	and	limitations	

Given the location of the candidate variant in the DNA binding domain of the WT1 protein, 

we hypothesised that there would be effects on the transcription factor function of WT1. Our 

reporter assay analysis was consistent with this, demonstrating reduced expression of a firefly 

luciferase gene downstream of known WT1 binding sites in the promoter region of kidney 

targets PODXL and AREG, as well as AMHR2 (which plays a role in Mullerian duct 

regression).  This reduction suggested that the variant is a WT1 hypomorph, and that 

haploinsufficiency of WT1 could play a role in the observed pedigree renal and reproductive 

system phenotypes. This evidence is only preliminary, and there were some caveats to the 

analysis. An overexpression based reporter assay is an artificial setting and may not always 

reflect molecular interactions in a more physiological setting.  One technical consideration was 

an issue with the Renilla reporter as an internal control for the reporter assays. An internal 

control is usually used in reporter assays in order to account for errors and well-to-well 

differences due to pipetting errors, differences in cell confluency, etc. The reporter construct is 

normalised to the internal control, and presented as a fold change. However, our analysis 

showed that instead of remaining constant, the Renilla luciferase control construct was also 

being induced by the WT1 constructs, over and above the levels observed in the empty control 

condition. Furthermore, the Renilla induction followed the same trend as the firefly induction, 

with the wild type inducing Renilla to the largest extent, followed by the mutant. We also tried 

an alternative Renilla construct to similar effect.  

The validity of using Renilla luciferase gene as an experimental control is based on the 

assumption that expression of the Renilla reporter will not be affected by experimental 

conditions. However, experimental effects on this type of control are not a new problem. 

Several reports have shown that certain experimental conditions can have unintended effects 

on constitutive Renilla expression under particular promotors (reviewed by Shifera and Hardin 
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(2010)). While the specific case of WT1 and pRL-TK constructs in HEK293 cells has not 

previously been identified as problematic, there is a report of WT1 inducing Renilla activation 

from a pRL-SV40 construct in LNCaP cells, particularly in the presence of hormone R1881 

(Hanson, Reese, Gorman, Cash, & Fraizer, 2007). Specific reports also exist of pRL-TK-

Renilla constructs in a HEK293 system being unintentionally activated (Shifera & Hardin, 

2009) or repressed (X. Zhang, Chen, & Rovin, 2003). A promoter-less vector (such as pRL-

null) could have been another avenue to pursue, as it has been suggested in some instances to 

be more effective at reducing unintended activation (Behre, Smith, & Tenen, 1999). For our 

purposes, there is likely still some value to the firefly read-out despite this caveat. All construct 

concentrations were measured and calculated prior to transfection, and all assay conditions 

were performed in triplicate wells for each assay, with biological repeats performed on at least 

three occasions. Western blot as an additional method to normalise transfection efficiency 

indicated that both constructs were overexpressed at relatively similar levels. In addition to 

this, raw firefly luciferase readings also followed the same trend as the normalised values. It 

has also been suggested that normalisation of repeated firefly values to the mean Renilla 

reading for each condition can be a valid workaround when internal control readings are invalid 

(Maser, 2003). When we performed this alternate method of normalisation, the observed trend 

remained consistent. Given this, the conclusions from this assay likely indicate a real effect, 

but should be interpreted with these caveats in mind.  

To further assay WT1-variant function, we could have performed gel shift or electrophoretic 

mobility shift assays (EMSA), which assess the interaction of proteins with DNA sequences 

based on size based migration of complexes through a gel. This has been used extensively in 

assessing binding of WT1 to target genes (Guo, Morrison, Licht, & Quaggin, 2004). 

Coimmunoprecipitation (ChIP) comparison of wild type and WT1 variants could also more 

comprehensively demonstrate differences in binding affinity, and crystallography or 
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spectroscopy could assess whether differences are due to structural changes in WT1-DNA 

complexes.  

3.3.3. Proposed	effects	on	the	variant	WT1	protein	

WT1 belongs to a family of DNA-binding Zinc Finger (ZF) proteins that includes the Early 

growth response (EGR1) gene. Like other proteins in this family, the WT1 zinc fingers contain 

Cys2/His2 motifs which recognise and bind to guanidine rich DNA sequences (Nardelli et al., 

1991; Pavletich & Pabo, 1991; Sukhatme et al., 1988). The structure determination of the WT1 

zinc finger domain bound to DNA has been reported by X-ray crystallography and NMR 

spectroscopy, first by Stoll et al. (2007) and then in an additional report further clarifying the 

role of the first zinc finger and structural changes conferred by a ZF1 mutation (Wang et al., 

2018). In general, where the first zinc finger increases binding affinity by helping with 

anchoring to the DNA, zinc fingers 2, 3 and 4 make base specific interactions with DNA (via 

hydrogen bonds) that are critical for site specificity. Based on ChIP, the consensus DNA 

binding site is ~10bp, with each of zinc fingers 2-4 recognising a 3-bp triplicate sequence 

(Hartwig et al., 2010; Hashimoto et al., 2014; Motamedi et al., 2014; Stoll et al., 2007). 

In WT1-associated syndromes, mutations are usually of two types; there are those that reduce 

stability of the tertiary zinc finger structure and DNA affinity, or missense changes that affect 

the site specificity of DNA binding. There is a known ‘hotspot’ of mutations located in the 

region spanning exon 8 to intron 9, but interestingly, occurrence of pathogenic mutations in 

exon 10 is rare. The candidate variation in this pedigree is a missense and occurs at an arginine 

(R) residue located centrally in the fourth zinc finger encoded by exon 10. Substitution of the 

positively charged R residue for the charge-neutral glutamine (Q) would be predicted to affect 

the affinity of zinc finger 4 for negatively charged DNA, with potential consequences for the 

DNA binding capacity and/or site specificity of WT1 for its usual consensus binding sites. This 
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would be consistent with other reports detailing missense mutations of residues predicted to be 

critical to the affinity of one or more zinc fingers, with corresponding reduction in WT1 

consensus site affinity (Nakagama, Heinrich, Pelletier, & Housman, 1995; Wang et al., 2018) 

(Figure 3-5). This could suggest a mechanism for the reduced activity of the WT1-variant 

observed in our reporter assays. Again, this could be explored further in future with the use of 

electrophoretic mobility shift assay (EMSA) or similar DNA-protein binding assays to assess 

the binding capacity and specificity of the variant WT1 protein. 

 

 

 

Figure 3-6 Critical residues for DNA binding and reported DDS mutations at these sites. 

Figure reproduced with permission from Wang et al. (2018). Blue arrow indicates the residue 
affected in the NZ pedigree WT1 variant. 

 

Further to this, while reduced transcription factor activity of the variant suggests a WT1 

hypomorph, it has been reported that mutations affecting the zinc finger domain can have 

additional dominant function (i.e. gain-of-specificity for additional binding sites). For example, 

a recently reported Denys-Drash associated ZF1 missense mutation (M342R) examined by X-

ray crystallography has increased affinity for guanine bases, and thus increased affinity for a 

specific subset of consensus sites  (Wang et al., 2018). Another report outlined three patients 

with ZF2 missense mutations (Q369R, Q369K, and Q369H) which clearly retain DNA binding 

ability but have altered affinity for certain bases and certain epigenetic forms of cytosine 

(Hashimoto, Zhang, Zheng, Wilson, & Cheng, 2016). Where the predominant affinity of ZF2 
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is for G-(A/C)-G DNA sites, the altered specificity of the ZF2 mutants was for G-G-G, or G-

(A/G)-G. 

Alternatively, WT1 mutants can have dominant-negative function (affecting binding of the 

wild type protein to DNA). As is often the case in Denys-Drash syndrome, mutants with 

impaired DNA binding can further act to repress wild type WT1-mediated transcriptional 

activation, meaning a single mutant allele can result in <50% normal WT1 function despite 

heterozygous presentation (Moffett et al., 1995).  One possible mechanism for this is 

dimerization of mutant and wild type proteins. WT1 can self-associate both in vivo and in vitro 

based on two N-terminal self-association domains (Holmes et al., 1997).  Moreover, this 

dimerization occurs more efficiently  and is more stable between truncated and full length 

proteins, than the same interaction between two full length proteins. This would explain the 

dominant negative activity of mutant alleles with missing ZF domains or those with reduced 

function. Further to this, recently reported ChIP-Seq analysis found two similar WT1 binding 

motifs in close proximity in many target peak fragments, suggesting that two WT1 proteins 

bind to the same promotor region or even bind as a dimer (Dong, Pietsch, Tan, et al., 2015). 

Mutants that retain the ability to dimerise but have lost DNA binding ability can bind to and 

effectively sequester wild type WT1 protein. Mutants retaining dimerization ability together 

with loss of a nuclear localisation signal affect activity to a lesser but still notable extent, 

possibly sequestering wildtype protein in the cytoplasm and preventing DNA binding based on 

physical separation (Bruening, Moffett, Chia, Heinrich, & Pelletier, 1996). These 

manifestations are additional possible outcomes for the WT1 variant identified here and could 

be explored through in silico prediction of variant affinity, although given the relatively mild 

phenotype (with late onset) observed in the NZ pedigree we speculate that symptoms could be 

explained simply by haploinsufficiency of WT1 alone. 
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Following this chapter, we proceeded to model the effects of the WT1-variant on podocytes 

(Chapters 4 and 5). The major focus pursued in this thesis was to better investigate how the 

variant might be causative in a more physiological renal or podocyte-based context (as is 

occurring in affected individuals).  
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Chapter 4. Derivation	of	patient	and	control	iPSC	lines		

4.1. Introduction	

To further characterise the WT1 variant, we wanted to assess its effects on kidney development, 

specifically on podocyte cells. To do this, we needed an appropriate model. While much of our 

understanding of kidney development has come from rodent models, there are limitations in 

how well these models can recapitulate specific human conditions. Maintaining podocytes in 

cell culture is also problematic, given that primary cell models undergo very limited growth, 

and immortalised lines have compromised identity in culture. 

To functionally assess the WT1 variant in vitro and in a human context, we therefore turned to 

a stem cell-derived kidney organoid model to generate podocytes for our analysis. Since 2007, 

when Yamanaka published that somatic cells can be converted to an ‘induced pluripotent state,’ 

there has been widespread application of iPSC research with the recent advance of generating 

multiple organoid types (Bredenoord, Clevers, & Knoblich, 2017; Kaushik, Ponnusamy, & 

Batra, 2018). In particular, the last few years have seen the development and refinement of 

protocols which direct iPSCs to differentiate into kidney organoids (Freedman et al., 2015; 

Morizane et al., 2015; Przepiorski et al., 2018; Taguchi et al., 2014; Taguchi & Nishinakamura, 

2017; Takasato et al., 2014; Takasato et al., 2016; Takasato et al., 2015). These organoids 

exhibit many of the structural and cellular features of human kidneys in miniature form, 

including populations reminiscent of glomeruli, proximal and distal tubules, interstitial cells, 

and vasculature. Their huge potential in terms of disease modelling and drug development have 

meant that kidney organoid research has become a rapidly growing field. One of the key 

benefits of these systems is the ability to create a personalised model by deriving an iPSC line 

directly from an individual with a genetic disease of interest.  
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One of the key issues with these models until recently has been the lack of appropriate controls. 

Individuals, and thus iPSC lines derived from those individuals, show genetic heterogeneity 

which can influence the penetrance and phenotypic effects of a disease-associated gene variant 

(Boyle, Li, & Pritchard, 2017). Unrelated ‘wild-type’ iPSC lines therefore do not make good 

controls. The advent of CRISPR-Cas9 technology has greatly increased the ease of performing 

gene-editing for targeted correction, facilitating routine creation of isogenic lines (which are 

genetically identical aside from the mutation of interest), which act as perfect controls for 

comparison with lines derived from affected individuals (Ben Jehuda, Shemer, & Binah, 2018). 

This aim of this chapter was firstly to derive iPSC lines from an affected individual (88G) in 

the NZ pedigree, and following this to use the CRISPR/Cas9 system to edit this line and correct 

the putative causal SNP (A) to wild type (G). The rationale for this was to generate a source of 

patient stem cells and an isogenic control line that accurately modelled the genetic background 

of the syndrome in vitro, with the aim of using these lines for directed differentiation and 

comparative assessment in subsequent experiments (Chapter 5). 

Hypothesis 

That iPSC lines (both affected and isogenic control) could be generated, with which to 

comparatively model the pathology in the affected NZ pedigree 

Aims 

o Reprogram skin fibroblast cells from an affected individual back to an induced 

pluripotent state, and characterise these cells 

 

o Correct the putative WT1 variant in these cells to generate an isogenic control cell line 
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4.2. Results	

4.2.1. Derivation	of	iPSC	lines	from	patient	fibroblasts	

In order to generate iPSCs, we first required cells from affected individuals. With appropriate 

ethics (HDEC approval 17/NTA/204), we collected skin biopsy, a urine sample, and blood 

samples from the affected individuals and the unaffected father in the pedigree (collection is 

detailed in section 2.2). The skin sample was used preferentially, with the other two samples 

taken as back up (for example, if we failed to culture dermal fibroblasts from the sample, or if 

the sample was subject to contamination). Fibroblasts were derived from explant cultures of 

the patient skin biopsies, which involved dissection and plating of tissue in DMEM/20% FBS 

media on gelatin coated plates. Fibroblast cells were observed migrating out from the tissue 

within 2-3 weeks. These cells displayed typical spindle-like fibroblast morphology with oval 

nuclei (representative fibroblasts from patient 88G are shown in Figure 4-1, B). 

Following this, fibroblasts from one affected individual (88G) were selected. These cells were 

reprogrammed in culture to generate iPSCs using the Invitrogen CytoTune™-iPS 2.0 Sendai 

Reprogramming Kit (this protocol is summarised in Figure 4-1, A. This system uses vectors 

based on a modified form of Sendai virus to deliver and express the Yamanaka pluripotency 

factors necessary for reprogramming somatic cells into iPSCs. Fibroblasts were plated in 6 

wells of a 6-well plate so that they were ~60% confluent on the day of transfection and on d0, 

one well was harvested to perform a cell count (we counted 3.6 x 105 cells per well which was 

slightly over the density range of 2 x 105—3 x 105 recommended by the manufacturer). The 

remaining five wells were transduced with three modified Sendai vectors at the appropriate 

multiplicity of infection (KOS MOI=5, hc-Myc MOI=5, h-Klf4 MOI=3). By d7 (at which point 

cells were split onto Geltrex coated culture dishes), obvious changes in morphology were 

apparent (Figure 4-1,  C). On day 8 cells were transferred to culture medium formulated for 

the growth and expansion of human pluripotent stem cells (Gibco Essential 8), and following  
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Figure 4-1 Summary of the derivation process for the 88G iPSC line.  

(A) Schematic of the process by which iPSC lines were derived from affected individual 
fibroblast cells using the CytoTuneTM-iPS 2.0 Sendai Reprogramming Kit (ThermoFisher). 
Fibroblasts (B) were transduced with three Sendai Reprogramming vectors containing the key 
reprogramming factors (OCT3/4, SOX2, KLF4, and C-MYC) on d0. (C) On d7, cells showed 
obvious changes in morphology and were split onto Geltrex coated dishes. Colonies began to 
emerge around d12 and were ready for manual picking 3-4 weeks post transduction (D). Newly 
picked p0 colonies (E) were grown until large enough (F), at which point they were passaged 
and expanded (G). All scale bars in B-G represent 400 µm. Schematic in (A) was adapted 
without modification from the manufacturer’s protocol, available at 
https://tools.thermofisher.com/content/sfs/manuals/cytotune_ips_2_0_sendai_reprog_kit_man
.pdf). 
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this, cultures were monitored for emerging iPSC colonies which became apparent at 3-4 weeks 

post transduction (figure 4-1, D). Individual colonies were manually picked and transferred to 

fresh culture dishes where they were expanded and passaged as individual new iPSC lines 

(figure 4-1, E-G). A total of 36 colonies were picked from the parental plates. Minor areas of 

differentiation were marked and removed manually, and lines with persistent abnormal growth 

or morphology were discarded. Of the colonies picked, 21 were grown until confluent in at 

least one well of a 6-well plate. 3 of these lines were expanded further for characterisation, 

while the remainder were stored in liquid nitrogen. 

Colonies picked Lines frozen Lines expanded 

36 21 3 

Table 4-1 Summary of the 88G line derivation process.  

Total number of emerging iPSC colonies picked, number of lines frozen at early passages, and 
number of lines expanded for further analysis and characterisation. 

 

4.2.2. Characterisation	of	newly	derived	iPSC	lines	

Following iPSC derivation, several standardised tests were performed to determine that the 

new cell lines were genetically normal and displayed the required pluripotency characteristics. 

Firstly, three of the newly derived lines (88G-12, 88G-3, and 88G-23) were karyotyped to 

exclude lines that had acquired chromosomal aberrations during the reprogramming process. 

iPSC lines prepared (as described in section 2.4.8) were karyotyped by LabPLUS, ADHB. Of 

the three lines tested, one (88G-3) displayed karyotypic abnormalities, with the result 

indicating addition of material of unknown origin on the short arm of chromosome 12 (Table 

4-2). This line was discarded and not used for subsequent experiments. Lines 88G-12 and 88G-

23 showed a normal, female chromosome complement (Table 4-2) and line 88G-12 was 

selected for further characterisation. 
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Cell line Karyotype Result 

88G-3 46,XX,add(12)(p11.2)[3]/47,idem,+mar[7] Abnormal 

88G-12 46,XX Normal 

88G-23 46,XX Normal 

Table 4-2 Patient iPSC line karyotypes.  

2/3 lines display a normal, female karyotype. The result for the remaining 1/3 lines indicates 
an abnormal karyotype with addition of material of unknown origin on the short arm of 
chromosome 12. 

 

Following this, 88G-12 was assessed for the presence of known human stem cell surface 

markers TRA-1-60, TRA-1-81, and SSEA-4, as well as for the enzyme alkaline phosphatase, 

which is also known to be highly expressed in stem cells. All these markers were present 

(representative images for each marker are shown in Figure 4-2, A). Additionally, we looked 

for endogenous expression of ‘Yamanaka’ factors, to determine whether these had been re-

expressed during reprogramming. Endogenous SOX2, NANOG, OCT4, and C-MYC, were all 

assessed by qPCR and were present at levels higher than reference (expression is shown 

relative to HPRT, Figure 4-2, B). At the same time, we also assayed to confirm decreased 

presence of remaining viral vectors. As Sendai virus is an RNA virus, reverse transcription is 

required for detecting the presence of the SeV genome. Therefore this assay was also performed 

via RT-qPCR. Four primer sets targeting regions of the viral vectors (Sendai virus, KOS, vector 

C-MYC, and vector KLF4) were used. Sendai Virus, and vector C-MYC were detected at levels 

much lower (<0.0005 fold change) than reference (Figure 4-2, B), while vector KOS, and 

vector KLF4 were not detectable based on failure to amplify above threshold. Primer sequences 

are given in Table 2-3. 
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Figure 4-2 88G12 pluripotency marker expression  

(A) Immunofluorescent staining indicates pluripotent stem cell surface markers SSEA, TRA-
1-60, and TRA-1-81 are present, and live staining indicates alkaline phosphatase enzyme is 
present. (B) RT-qPCR demonstrates endogenous expression of Yamanaka factors (endogenous 
Oct4, endogenous Sox2, endogenous Nanog, and endogenous cMyc), and absent or decreased 
presence of the transgenes carried by the SeV vectors (vector SeV, vector KOS, vector KLF4, 
vector cMyc). 



90 
 

To further assess pluripotency of the 88G12 line, we assessed the capacity of the line to 

differentiate into all three germ layers: endoderm, mesoderm, and ectoderm. Pluripotency and 

trilineage potential were assessed via the commercially available Taqman HPSC Scorecard 

Assay (ThermoFischer Scientific), based on a protocol developed by the Meissner group  (Bock 

et al., 2011). Both iPSCs and embryoid bodies (randomly differentiated for 7 days) were 

prepared for qPCR analysis with the Scorecard Assay to test for a panel of known markers for 

each lineage. Results were compared to the gene expression profile of an established common 

reference set using the hPSC Scorecard Data Analysis software (Applied Biosystems, 

ThermoFischer Scientific). This analysis showed that 88G-12 iPSCs displayed upregulated 

pluripotency markers and downregulated trilineage signatures, while conversely, embryoid 

bodies differentiated from these cells showed downregulated pluripotency and upregulated 

endoderm, mesoderm and ectoderm signatures (Figure 4-3). The ectoderm signature (without 

a ‘plus’) indicates a pass result, albeit with slightly lower expression of ectodermal markers. 

This likely indicates that the cell lines has a reduced tendency to form ectoderm derivatives. 

Immunostaining of paraffin-sectioned day 7 EBs was also performed, for markers of the three 

germ layers. Representative images for endoderm (SOX17) (Drozd et al., 2015), mesoderm 

(LEF1) (as per Abcam stem cell lineage identity pathway card: 

https://www.abcam.com/research/stem-cells/lineage-markers), and ectoderm (TUJI) (S. P. Liu 

et al., 2012) are shown (Figure 4-3). 

iPSCs in culture (particularly for prolonged periods) are known to be susceptible to gaining 

mutations in the tumour suppressor gene p53, likely due to a conferred survival advantage 

(Merkle et al., 2017). To test for this in 88G-12, cells were treated with a p53 activator (Nutlin-

3a) for four consecutive days in culture (schematic of Nutlin-3a mechanism of action is shown 

in (Figure 4-4,, A). Where inactivated p53 confers a survival advantage, activating the wild 

type p53 via Nutlin-3a results in programmed apoptosis, and thus serves as a functional test for 
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the presence of active wild type p53 in cells (Kucab, Hollstein, Arlt, & Phillips, 2017).  6 hour 

treatment with 10 µM Nutlin-3a resulted in an increase in apoptosis shown by TUNEL assay, 

when compared to vehicle treated controls (Figure 4-4. B-C), indicating sensitivity to the drug 

and suggesting the presence of an intact wild-type TP53 gene. 
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Figure 4-3 Trilineage and Taqman hPSC Scorecard Assay.  

A TaqMan hPSC Scorecard Assay indicated that 88G12 iPSCs had upregulated pluripotency 
gene expression signature and downregulated trilineage signatures, whereas d7 randomly 
differentiated EBs conversely had downregulated pluripotency signature and upregulated 
endoderm, mesoderm and ectoderm signatures. Paraffin sections of d7 randomly differentiated 
EBs show immunofluorescent staining for markers of endoderm (SOX17), mesoderm (LEF1), 
and ectoderm (TUJI). 
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Figure 4-4 p53 functionality assay in patient line 88G12.  

(A) Schematic of Nutlin-3a mechanism of action on P53 activation via inhibition of p53 
inhibitor MDM2, and subsequent effects  on cell proliferation. (B) Treatment of iPSC line 88G-
12 with 10uM Nutlin-3a for 6 hours showed increased apoptosis by TUNEL assay, compared 
with vehicle treated controls, suggesting the presence of functional p53 in this cell line. 
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4.2.3. Correction	of	the	patient	mutation	

Having derived and characterised iPSC lines from an affected individual, the second major aim 

of this chapter was to perform gene-editing to correct the candidate variant in order to generate 

an isogenic control line. To perform the correction, we used the type II CRISPR-Cas9 system 

from S. pyogenes, which recognises ‘NGG’ PAM sites in the genome. Firstly, three gRNAs 

targeting near the SNP of interest were chosen and tested for cutting efficiency. Guides were 

selected and screened for predicted off-target effects using the Broad Institute designed online 

software CHOPCHOP v2 (Labun, Montague, Gagnon, Thyme, & Valen, 2016). Location and 

proximity of each guide to the target site in exon 10 of the human WT1 genomic DNA sequence 

is shown in Figure 4-5. Although we planned to rescue the mutant allele in the patient line, 

guides targeting both the wild-type and affected allele were originally tested to allow us the 

alternative option of introducing the mutation into an unaffected cell line if desired. Guide 2 

(G2) targeted the wild-type allele only. G3 and G4 targeted both alleles equally. (An additional 

guide, G1, was originally designed to target the wild-type allele, but was not used). The affinity 

of all guides for the wild type allele allowed for testing guide efficiency in wild type HEK293T 

cells prior to performing editing in iPS cells.  

The three sgRNAs were cloned into pSpCas9(BB)-2A-GFP plasmids designed by the Zhang 

lab (Ran, Hsu et al 2013) and available from Addgene, as described in section 2.3.7. gRNA-

containing plasmids were then transfected into HEK293 cells together with Cas9 protein 

(HEK293 cells give comparatively higher transfection efficiencies than iPS cells, which 

allowed bulk samples to be analysed without the need for sorting). 48 hours post lipofectamine 

transfection, a T7 endonuclease assay was performed on extracted and PCR-amplified gDNA 

to assess cutting efficiency of each guide (as per section 2.3.8). Primers used amplified a 686 

bp fragment, and sizes of expected digestion products are given in Table 4-3. Results showed 

all three guides cleaved DNA, as demonstrated by the presence of a (faint) »450 bp digestion 
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product (figure 4-6, A). Quantification of the mean grey value of each band compared to 

baseline (ImageJ) indicated that G4 produced a slightly higher intensity digestion product 

(Figure 4-6, B), so this guide was selected as the most efficient. 

Figure 4-5 Location of test gRNAs targeting the WT1 SNP.  

The three guides (labelled green) chosen for testing have cut sites located  3, 4, and 34 bp from 
the target SNP (G in the wild type allele, A in the patient allele; labelled red) located in exon 
10 of the human WT1 gene. G2 targets the WT allele only, whereas G3 and G4 target both the 
WT and patient alleles equally. G2 and G3 target the 5’ strand and G4 targets the 3’ strand in 
the reverse direction. Schematic created in Snapgene Viewer. 
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Table 4-3 Sizes of expected T7 Endonuclease I digestion products for each gRNA 

 

 

Figure 4-6 Testing guide efficiency in HEK293 cells. 

(A) T7 Endonuclease I assay of  three guides transfected into HEK293 cells concurrently with 
Cas9 protein suggested that cutting had occurred with all three guides, as indicated by the 
presence of a faint digestion product equivalent to the size of the larger of two predicted 
digestion products (464, 434, or 472 bp for G2, G3, and G4 respectively). (B) Quantification 
of intensity of the visible digestion product in ImageJ indicated that G4 targeted most 
efficiently of the three guides. 

 

 

 

Guide PCR amplicon 
T7 endonuclease I digestion 

product 1 

T7 endonuclease I digestion 

product 2 

G2 686 467 219 

G3 686 498 188 

G4 686 450 236 
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HDR repair was then performed in patient (88G-12) iPSCs (as per the strategy detailed in figure 

4-7). This time, the G4 gRNA was introduced via reverse transfection, together with an ssODN 

repair template with homology arms of 90 and 37 bases and complementary to the non-target 

strand, based on a similar template used by Richardson, Ray, DeWitt, Curie, and Corn (2016). 

Total DNA comprised plasmid DNA and ssODN repair template at two different doses 

(outlined in Table 4-4), chosen based on a report by the Zhang laboratory (Ran et al., 2013). 

Transfection was performed in a 12-well format. At 48 hours post-transfection, efficiency as 

indicated by GFP visualisation was similar between doses (approx. 15% efficiency, data not 

shown) so both wells were combined prior to FACS analysis. FACS-isolated cells were plated 

in conditioned media (aspirated from parental 88G-12 cell line plates after 24 hours and filtered 

prior to use) and monitored for emerging colonies to manually pick for expansion. Colonies 

were removed if at risk of merging; 8000 cells per 10 cm plate proved dense enough for cell 

survival but sparse enough for individual cells to give rise mostly to homogenous colonies with 

sufficient separation. By day 8-10, the first colonies were of sufficient size for manual picking. 

Over the space of approximately 1 week, 72 individual colonies were transferred to 1 well of a 

pre-coated 96-well plate, and at confluency, were split into two wells of a 96 well plate. gDNA 

was extracted from one of these paired wells for genotyping, and the second was concurrently 

expanded and frozen back pending results of the genotyping analysis (a summary of this 

process is given in Table 4-5).                  

 Plasmid DNA (µg) ssODN template (µg) 

Dose 1 1 µg  1µg (0.54 µl of 10 µM stock) 

Dose 2 0.5 µg  1.9 µg (1 µl of 10 µM stock) 

Table 4-4 Transfected plasmid DNA to ssODN ratios.  

Allocation of  total DNA (comprised of plasmid DNA to ssODN repair template) used for 
reverse transfection in 12-well format. 
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Figure 4-7 Schematic of WT1 SNP rescue in patient 88G.  

The mutant SNP (A in the affected individual) is highlighted in red. The selected guide RNA 
(G4) which targets the mutant and wild type alleles equally is marked in green. The PAM site 
(NGG; also highlighted in green) is located on the non-target strand. The ssODN used for 
correction of the mutation (marked in yellow) is complementary to the non-target strand and 
has homology arms of 92 bp and 35 bases either side of the Cas9 endonuclease cut site. The 
ssODN contains 2 changes (as marked): the corrected SNP (G) and a silent PAM site mutation 
(G>T) at the final G of the NGG sequence to prevent re-targeting following correction. These 
two changes also result in the loss of a BmrI restriction site enabling screening for edits (BmrI 
recognition site is shaded grey, cut site is labelled red). 
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In order to screen for successfully edited clones, a two-step genotyping process was used on 

gDNA extracted from each cell line. Firstly, we used a restriction fragment length 

polymorphism (RFLP) assay to determine the presence of edits at the target site. The A>G 

substitution of the patient SNP, and the silent PAM site mutation (both located within the BmrI 

recognition site), change ACTGGG(N)5 to ACCGAG(N)5, resulting in loss of the site if HDR 

has occurred. Of the 56 surviving clones, 39 were initially screened by PCR amplification 

across the target site and gel electrophoresis (data not shown). 11/39 showed the loss of the 

restriction site indicating the presence of edits at the target site. This gave a 28.2% efficiency 

rate for edits in cell lines which were successfully transfected and screened (Table 4-6). 

However, this number represents not only successful HDR, but includes all edits which result 

in a loss of the BmrI restriction sequence at the target site. Therefore, all clones positive in the 

RFLP assay were also subsequently screened via  a second, Sanger sequencing step to confirm 

a successful result. Sanger sequencing indicated that of the 11 clones positive for edits in the 

RFLP assay, 6 had been successfully edited via HDR, with the mutant patient allele (A) being 

corrected to wild type (G) (Figure 4-8). This gave a 15.4% HDR efficiency rate (of those cell 

lines which were successfully transfected; based on 39 cell lines screened) (table 4-6).  

 

Cells plated on 

10cm dish post-

FACS 

Colonies picked 

from 10cm plate 

 

Cell lines 

successfully 

derived 

Cell lines discarded 

or failed to survive 

Number 

assayed (first 

pass) 

8,000 72 

 

56 16 39 

Table 4-5 Summary of rescue cell line derivation.  

Number of cells plated following transfection and cell-sorting, number of colonies picked and 
expanded, and number of newly derived cell lines screened throughout the gene-editing 
process. 
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Table 4-6 Number of cell lines positive for edits at each stage of the genotyping process.  

gDNA from each cell line was first screened via BmrI RFLP assay to confirm editing had 
occurred, followed by Sanger sequencing of the positive clones from step one to confirm that 
successful HDR repair of the SNP of interest had occurred. 

 

Before using these 6 successfully targeted cell lines, we needed to determine that both alleles 

were still present. All 6 of the successfully rescued lines appeared to be homozygous rescues 

(the only sequence detected by Sanger sequencing was the corrected ssODN template sequence 

with the additional silent PAM site mutation (NGG becomes NGT). The guide used for this 

correction targets both mutant and wild type alleles equally so rescue of both alleles at similar 

efficiencies is plausible. However, this does not preclude a scenario whereby one allele is 

corrected and the other allele is subject to large scale deletions, as was demonstrated by Kosicki 

et al (2018). Further testing was therefore necessary to confirm that both alleles were intact. 

There are several methods to test this, however, we fortuitously observed that the 88G line 

contained an additional, non-synonymous SNP, 58 bp downstream of the SNP of interest 

(Figure 4-9, A). We were therefore able to determine the presence of two alleles based on 

observed heterozygosity at this additional site. We Sanger sequenced amplicons from gDNA 

encompassing both the target SNP (Figure 4-9, B) and the additional SNP (Figure 4-9, C) for 

each of the 6 candidate cell lines. Results showed that 5/6 cell lines (R23, R28, R46, R27, R56) 

were diploid. 1/6 lines (R48) did not show heterozygosity at the additional site, suggesting the 

Assay Number 

assayed 

Number 

positive 

Percentage positive (of all lines 

assayed) 

BmrI digest (indicating edits 

at target site) 

39 11 28.2% 

Sanger sequencing 

(indicating successful HDR) 

11 6 15.4% 
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presence of a deletion in one allele encompassing both the target mutation and the additional 

SNP loci. This line was discarded and not used for further experiments. 

Of the five successfully rescued lines, three (88G12-R27, 88G12-R28, 88G12-R56) were 

karyotyped by LabPLUS (ADHB) to rule out any chromosomal abnormalities picked up 

during the editing and expansion process. One line, 88G12-R28 had an abnormal karyotype, 

with 25% of cells analysed having an addition of material of unknown origin on the short arm 

of one homologue of chromosome 18 (Table 4-7). This cell line was discarded and not used 

in subsequent experiments. Results for lines 88G12-R56 and 88G12-R27 indicated a normal 

female karyotype (46,XX) with no chromosomal abnormalities (Table 4-7). It should be 

noted that line 88G12-R56 had a suboptimal number of cells available for analysis, and while 

major structural abnormalities were able to be ruled out, detailed banded analysis was not 

possible. A repeat karyotype for this line is currently pending (at the time of submission). The 

karyotypically normal lines were also tested for P53 abnormalities using Nutlin-3a, as was 

previously done for the parental line, with sensitivity to the drug in indicating the presence of 

functional, wild-type TP53 gene in three independent wells for both lines: 88G12-R56 and 

88G12-R27 (Figure 4-10). 

Cell line Karyotype Result 

88G12-R27 46,XX Normal 

88G12-R28 46,XX,add(18)(p11)[4]/46,XX[12] Abnormal 

88G12-R56 46,XX Normal* 

Table 4-7 Karyotypes for 88G12 rescued iPSC lines.  

R28 was abnormal, with addition of material of unknown origin present on one arm of one 
homologue of chromosome 18 in 25% of cells analysed. Results for cell lines R56 and R27 
indicated normal female karyotypes. Asterisk denotes a caveat to the R56 result; a suboptimal 
number of cells were available for analysis and only major structural abnormalities were able 
to be excluded. 
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Figure 4-8 Sanger sequencing of 6 successfully rescued iPSC lines. 

(A) 88G-12 parental DNA sequence prior to editing showing A/G heterozygosity at the location 
of the WT1 SNP of interest. (B) ssODN template sequence (partial) showing 2 changes to the 
parental sequence: correction of the SNP of interest from G to A, and an additional, silent PAM 
site mutation from C>A. (C) 6 lines showed successful correction of the SNP from G to A, and 
all lines appeared to be homozygous rescue as indicated by homozygosity for the silent PAM 
site mutation. 
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Figure 4-9 Confirmation of rescue line heterozygosity.  

(A) Sanger sequenced non-edited patient 88G12 DNA showing location of additional SNP in 
relation to the SNP of interest, PAM site, and (partially shown) ssODN template. 6 cell lines 
which appeared to be homozygous rescues at the SNP of interest were Sanger sequenced at the 
additional downstream SNP site (B), showing that 5/6 lines (88G12-R23, -R28, -R46, -R56, -
R27) were heterozygous at this site (indicating two intact alleles), while 1/6 (88G12-R48)  
harboured a deletion encompassing this site.  
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Figure 4-10 P53 functionality assay in rescue lines.  

Treatment of rescue iPSC lines 88G12-R56 and 88G12-R27 with 10uM Nutlin-3a for 6 hours 
showed increased apoptosis by TUNEL assay, compared with vehicle treated controls, 
suggesting the presence of functional p53 in this cell line.  
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4.3. Discussion	

This chapter describes the reprogramming and characterisation of induced pluripotent stem 

cells from patient-derived skin fibroblasts, and subsequent rescue of the putative disease-

causing mutation in the newly derived iPSC line. Results showed that fibroblast cells were 

successfully reprogrammed to iPSCs containing the mutation of interest, and that these cells 

were pluripotent according to standardised tests widely used in the literature. As hypothesized, 

the mutation was also able to be successfully corrected using CRISPR-Cas9 gene-editing to 

create an isogenic control line which can be used to model the effects of the mutation in the 

genetic background of the affected patient. This chapter discussion will summarise how well 

the characterisation and editing procedures used align to ‘gold standard’ published protocols, 

as well as the justification for choosing a personalised iPSC model of the disease based on 

current literature. 

4.3.1. Choice	of	characterisation	assays	

The major outcome of this chapter was generation of patient and control iPSC lines which 

would be suitable for modelling the genetic condition in subsequent experiments (Chapter 5). 

The results centre on demonstrating that our cell lines meet the bar set by published, 

standardised testing procedures for pluripotent stem cell lines, and that they accurately reflect 

the patient background (without having acquired additional genetic abnormalities during the 

derivation and editing processes). All tests employed demonstrated that our selected cell lines 

were both pluripotent and genetically ‘normal’. In terms of pluripotency, the tests we 

performed for pluripotency associated enzymes and surface markers (alkaline phosphatase, 

SSEA-4, TRA-1-60, TRA-1-81), as well as the ‘Yamanaka’ factors, are standard read-outs for 

characterising new iPSC lines (Takahashi & Yamanaka, 2006). Additional pluripotency tests 

usually consist of assessing the ability of the line to form all three germ layers: endoderm, 

mesoderm, and ectoderm. One standard test for this is in vitro trilineage differentiation assays 
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(which we performed via an embryoid body differentiation assay), showing markers of each 

lineage. The caveat to this was that only one marker per lineage was used; greater lineage 

specificity would be achieved with co-staining, i.e with SOX17/CXCR4 for endoderm 

T/CXCR4 for mesoderm, and TUJI/PAX6 for ectoderm (Holtzinger et al., 2015; Kuang et al., 

2019; Kubo et al., 2004). The other standard test for this has traditionally been the in vivo 

teratoma assay, which is seen as the gold standard test for characterising differentiation 

potential of iPSC lines (Brivanlou et al., 2003; Hentze et al., 2009). However, this assay, which 

requires injection of cells into a mouse and analysis of the resulting tumour for the three germ 

layers, can be prohibitive in terms of time and resources, as well as being highly variable and 

difficult to quantify. This means it is not particularly feasible to validate large numbers of cell 

lines in this way, and recent studies have instead begun to make use of genomic, quantitative 

approaches to assess the quality of a line (Bock et al., 2011; F. J. Muller et al., 2011). The 

substitute ‘genomic scorecard’ approach used in this work, instead uses a qPCR panel-based 

assay to compare the gene expression profile of pluripotent stem cells and differentiated EBs 

derived from the new line, to an established reference set of lineage-specific and pluripotency 

markers (Tsankov et al., 2015).  While such approaches are in their infancy, current evidence 

indicates that they predict the differentiation potential of pluripotent stem cells at least as well 

as the teratoma assay (D'Antonio et al., 2017; International Stem Cell, 2018). For our purposes, 

there were additional advantages that justified using this approach. A standard teratoma assay 

does not provide quantifiable information regarding lineage differentiation potential, and 

further gene expression analysis of the teratoma, for example a ‘TeratoScore,’ is required to 

provide this information (Avior, Biancotti, & Benvenisty, 2015). In  comparison, the ScoreCard 

does generate this information. For 88G-12, results indicated the line had a slightly greater 

tendency to form endoderm and mesoderm, over ectoderm. Given that we wanted to use the 

line to generate kidney organoids (derived from mesoderm), having this information was 
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beneficial. It appears likely that these sorts of assays will be increasingly adopted by the field 

as more lines are generated for high-throughput, personalised research, particularly for 

studying complex diseases. However one area where the teratoma assay cannot yet be replaced 

is in determining the malignant potential of a pluripotent stem cell line. While not necessary 

for this work, the International Stem Cell Initiative define this as a critical pre-clinical safety 

check if translational work is to be attempted (International Stem Cell, 2018). Currently, the 

choice of assay depends on the level of assessment required for a particular application, and 

the ScoreCard was sufficient for our purposes.  

The second major component in determining the quality of an iPSC line involves tests for 

genetic abnormalities. Reprogramming involves huge alterations to the transcriptome and 

epigenome of a cell line, and these changes increase the likelihood of unintended changes to 

the genome. In terms of the parental, patient line, we performed two tests, demonstrating that 

the karyotype and TP53 status of our lines were normal. Karyotyping is a standard test regularly 

performed on new lines, to rule out non-random chromosome alterations which have 

commonly been found as additions to chromosomes 1, 12, 17, and 20, or losses in 

chromosomes 10, 18, and 22, and which confer a survival advantage (International Stem Cell 

et al., 2011; Olariu et al., 2010). We performed this test following derivation, ensuring that our 

cryogenically preserved working stocks were normal. However, it is also known that 

karyotypic abnormalities can arise during culture, even in lines that were normal upon 

derivation (Buzzard, Gough, Crook, & Colman, 2004; Jacobs et al., 2016; Watanabe et al., 

2007). Ideally, lines should be tested periodically. While this was not feasible, we did discard 

cell lines after extended periods in culture in order to minimise this possibility and re-

established early-passage cells from frozen vials. Lines were re-karyotyped following the gene-

editing procedure, as this required expansion of clonal lines from single cells, and stressful 

culture conditions including single cell passaging are known to increase the chances of these 
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genetic aberrations (Buzzard et al., 2004; Watanabe et al., 2007).  As well as large 

chromosomal abnormalities, iPSCs are also known to acquire smaller, culture-induced 

mutations that are not apparent on a karyotype. For example, (Merkle et al., 2017) identified 6 

TP53 mutations in 5 PSC lines by exome sequencing, and a further 9 mutations by mining 

published RNA sequencing data from 117 PSC lines. Such mutations are likely to confer a 

survival advantage. Other publications have observed additional mutations, particularly in 

regions of the genome involved in regulation of the cell cycle and apoptosis, which can then 

expand preferentially via 'cellular Darwinism' (Assou, Bouckenheimer, & De Vos, 2018).  

Screening for these is not  routinely  carried  out in lines used for in vitro studies. While our 

cell lines tested positive for the presence of wild type TP53 after ~30 passages in culture, and 

again following gene editing, we did not test for additional mutations. Any  attempt to translate 

pluripotent stem cell-based therapies to the clinic  would require more stringent whole exome 

based screening, particularly given the association of these types of mutations with increased 

risk of cancerous cell growth. For our purposes, experiments were performed at early passages 

where possible to mitigate this risk. 

4.3.2. Gene-editing	procedures	and	potential	limitations	

In terms of the technical application of the CRISPR/Cas technology used to rescue the 

candidate variant, there were several factors to consider. We used a strategy including delivery 

of gRNA and Cas9 protein sequences in DNA plasmids developed by the Zhang laboratory 

(Cong et al., 2013), together with an asymmetric ssODN repair template based on work by 

Richardson et al. (2016). The gRNA sequence chosen (which targeted Cas9 to cut 3 bp 

upstream of the target SNP), was the closest and most efficient guide we tested. The 15.4% 

HDR efficiency rate we observed (of those cell lines which were successfully transfected; 

based on 39 cell lines screened), was within the higher realm of published efficiency rates for 

HDR in iPSCs. This is consistent with work showing that targets closer to the cut site are more 
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likely to be successfully repaired (Paquet et al., 2016). The fact that rescue lines were 

predominantly homozygous for incorporation of the repair template is also consistent with the 

literature, given the proximity of the cut site to the target SNP (Paquet et al., 2016).   

One limitation with CRISPR technology is the potential for both off-target effects, as well as 

unintended on-target effects. In terms of off-target effects, we minimised the risk of this in part 

by screening potential guides via CHOPCHOPv2 software (Labun et al., 2016) and selecting 

those with as few  in silico predicted off-targets as possible. To further reduce the risk of such 

effects going undetected, more stringent screening of lines could have been performed. A more 

comprehensive option to assess off-target cutting in our lines would be a genome-wide deep 

sequencing approach (Koo, Lee, & Kim, 2015; Tsai & Joung, 2016). While this was not 

feasible for cost-reasons, another approach could have been to screen the top predicted 

potential off-target sites by PCR and Sanger sequencing (although, this is not always able to 

detect larger changes). We did however derive multiple rescue lines, with the aim of using 

more than one line for subsequent experiments, as off-target edits are less likely to be identical 

between independent clones.  

In addition to off-target effects, it has recently became apparent that on-target effects of 

CRISPR/Cas mediated editing are also unpredictable and potentially problematic. In particular, 

large scale deletions are commonly found extending up to several kilobases in length, even 

when successful rescue has occurred in the remaining allele (Kosicki, Tomberg, & Bradley, 

2018). Additional, non-contiguous lesions such as inversions, duplications, and insertion of 

segments from other chromosomes are also possible. The extent of these on-target effects is 

beyond what was originally thought to occur, and presents a challenge both for in vitro gene 

edited models such as our study, as well as for translational approaches. Based on this, the 

conventional practice of amplifying short regions of DNA to screen for edits is clearly not 

sufficient (H. Lee & Kim, 2018). For our in vitro study, we were able to determine through the 
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presence (or absence) of an additional SNP (58 bp downstream) that 1/6 apparent rescue lines 

did in fact contain such a deletion. These results were consistent with the deletion frequencies 

of 5-20% observed by Kosicki et al. (2018). More extensive genome-wide screening for both 

on-target and off-target effects would be another, more comprehensive way around this issue, 

if funds and bioinformatics expertise permit. Another method that has been described is to use 

other non-cutting types of CRISPR modification that do not rely on DNA cutting, such as base 

editors (Komor, Kim, Packer, Zuris, & Liu, 2016). Either way, mitigating these effects is an 

ongoing process for the field, and will be essential for adopting CRISPR-mediated human 

therapeutic approaches going forward.  

4.3.3. Advantages	of	a	personalised	iPSC	model	

The major factor in deciding to use an iPSC model was the ability to generate a personalised 

human kidney organoid model with identical genetic background to the affected individual, in 

order to study the effects of the candidate variant on human kidney cells. Targeted correction 

via CRISPR/Cas9 gene editing gave us ‘rescue’ lines, equivalent to isogenic controls, with 

identical genetic background save for the mutation of interest. This was done as a more robust, 

‘gold standard’ alternative to using pre-existing, unrelated control lines. During generation of 

the patient line, two control iPSC lines from unaffected individuals were created concurrently 

by other lab members; these lines were named MANZ-4 (generated from a related unaffected 

individual in the family pedigree) and MANZ-2 (from an unrelated healthy individual). While 

these lines could have been used, they represent an imperfect control as they are from a 

differing genetic background to the patient line, i.e. they have genetic differences other than 

the variant of interest. Differences in genetic background can impact on the penetrance and 

severity of a disease, making it difficult to fully attribute changes between patient and control 

lines to the variant of interest (Boyle et al., 2017). As an example, human spinal muscular 

atrophy due to an SMN1 loss-of-function mutation is prevented by inheritance of an additional 
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polymorphism in PLS3 (Oprea et al., 2008). Conversely, in mice, Pkd1 loss-of-function causes 

polycystic kidney disease but the severity (measured by kidney size and cyst number) is 

increased with additional mutations in the Nedd9 gene (Nikonova et al., 2014).  Further to this, 

the ‘omnigenic’ model of genetic disease suggests that the entire genetic background of a cell 

impacts on disease expression and penetrance through ‘infinitesimal’ additive effects (Boyle 

et al., 2017). This variation stemming from the genetic background dominates over any 

variation attributable to the type of reprogramming method or cell type of origin (Choi et al., 

2015). Generating an isogenic control was therefore preferred, particularly given the improving 

ease of generating these with rapidly developing CRISPR/Cas technology. In combination with 

the development of protocols for kidney organoid differentiation, these lines provided the tools 

for subsequent work (Chapter 5) to assess the functional consequences of the candidate variant 

via a ‘kidney in a dish’ model. 
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Chapter 5. A kidney organoid-derived podocyte model of the WT1 variant 

5.1. Introduction 

Having derived iPSC lines from a patient background (88G12) and targeted the putative SNP 

to create isogenic control lines (88G-R27, R56), we next wanted to assess the functional 

consequences of the WT1 variant (predominately on podocyte biology) and thereby provide 

evidence for its pathogenicity. As described elsewhere in this thesis, iPSCs have the capability 

to be differentiated into any tissue type, and have recently been used to generate kidney 

organoids by a number of research groups (Freedman et al., 2015; Morizane et al., 2015; 

Przepiorski et al., 2018; Taguchi et al., 2014; Taguchi & Nishinakamura, 2017; Takasato et al., 

2014; Takasato et al., 2016; Takasato et al., 2015). To date, these types of protocols have been 

used to model polycystic kidney disease (PKD), to study knock-out of various kidney genes 

such as HNF1B (Przepiorski et al., 2018), and preliminary attempts have also been made to 

model kidney injury induced by nephrotoxic drugs such as Cisplatin, which is a major cause 

of acute and chronic kidney disease (Morizane et al., 2015). These types of organoid protocols 

also represent a way to model podocytopathies in vitro. Freedman et al. (2015) showed defects 

in junctional organisation in podocytes derived from PODXL-/- kidney organoids. Effects on 

NPHS1 and NPHS2 were also able to be modelled in organoid glomeruli from a patient with 

congenital nephrotic syndrome, consistent with the genetic background.  

One of these kidney organoid protocols was generated previously by members of the Davidson 

Laboratory (Przepiorski et al., 2018). Based on this protocol, the hope was that kidney 

organoids could be generated from both affected and rescued cell lines (derived in Chapter 4), 

as well as from wild type and WT1-mutant ESC lines (which produce EGFP in cells expressing 

the podocyte transcription factor MAFB), generated by our collaborators in the McMahon 

Laboratory (USC, USA). The goal of this was to use these to model the podocyte pathology in 
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the affected pedigree, by comparative assessment of effects of the WT1 variant-of-interest on 

morphology and transcriptional profile. Additionally, we sought to explore the potential of 

podocytes within this organoid system to test promising FSGS therapeutic compounds. 

Hypothesis 

That kidney organoids could be used to model the effects of the WT1 variant on podocytes 

Aims 

o Generate kidney organoids from affected and control stem cell lines. 

o Assess effects of the WT1 variant-of-interest on podocyte morphology, and 

transcriptional profile. 

o Use this platform to test promising FSGS therapeutic compounds. 
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5.2. Results 

5.2.1. Generating a kidney organoid model of the WT1 variant  

First of all, to generate kidney tissue from both patient and rescue lines, we used a protocol 

previously established by the Davidson Laboratory to generate kidney organoids from 

pluripotent stem cells (Przepiorski et al., 2018). The protocol is summarised in Figure 5-1, A 

and the method described in more detail in section 2-5-11. Briefly, organoids are 3D-cultured 

using low attachment plates with the addition of GSK-3 inhibitor CHIR 99021, with kidney 

tubules becoming apparent on ~d7-8, and further maturing to include glomerular, proximal, 

and distal segments by d14. As an initial comparison of patient and rescue lines, we first 

characterised the morphology of organoids generated from each background. Visually, in 

culture, organoids generated from each backgrounds had no obvious differences. Both lines 

gave round, uniform EBs on d3 of the protocol, and both backgrounds produced tubule 

structures which began to appear around d7 and were readily apparent by d8. Organoids 

continued to develop similarly across all time points; morphology remained visually 

comparable at d14 (Figure 5-1, A) and through to d26. Immunostaining of paraffin-sectioned 

d14 organoids showed that both patient (88G12) and rescue organoids (representative image 

from line R56 shown) had comparable patterning for markers of glomerular structures (WT1) 

and tubule structures (HNF1B). A size comparison was also performed using ImageJ, showing 

that at d14 there was no significant difference between the size of organoids generated from 

the patient line and rescue lines R27, R28 and R56 (Figure 5-1, B). 
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Figure 5-1.Characterisation of patient and rescue kidney organoid morphology. 

(A) Schematic of kidney organoid protocol reproduced with permission from Przepiorski et al. 
(2018). (B) Patient (88G12) and rescue (R56) kidney organoids at day 14 are morphologically 
comparable and show similar staining for glomerular (WT1) and tubule (HNF1B) markers. (C) 
No significant difference in organoid size (measured as area in ImageJ and calculated as a 
normalised mean diameter) was observed across 88G12 and rescue lines R56, R27, and R28. 

5.2.2. Transcriptional analysis of patient and rescue whole organoids shows variability 

We next compared transcriptional changes between affected 88G12 and the rescued 88G12-

R56 whole orgnaoids by qPCR assay for known podocyte markers and WT1 target genes. A 

time-course was performed to assess markers in 88G12 and 88G12-R56 organoids at selected 

time points between d8 to d26.  Markers selected were: WT1, MAFB, NPHS1, NPHS2, and 

PODXL (a sialoglycoprotein essential for the formation and maintenance of podocyte foot 

processes). Assays for all samples were performed as technical triplicates and expressed 

relative to the geomean of two reference genes (HPRT and GAPDH). Based on this time-course 

comparison of affected- and rescue- derived organoids, it was initially difficult to draw 

conclusions as to whether there were differences in the level of podocyte markers. Some 

markers (Figure 5-2, A; MAFB, PODXL) clearly showed increased expression in the rescued 

organoids. Expression of MAFB and PODXL remained at comparatively low levels in 88G-12 

organoids, but showed a marked increase with development from d8 and peaking at d18 in R56 

rescued organoids. In contrast to this, other markers were subject to large variation between 

timepoints and did not appear to show a significant trend one way or the other (Figure 5-2, A; 

WT1, NPHS1), or alternatively even showed a decrease in expression (Figure 5-2, A; NPHS2). 

Significance for each marker was determined for each marker by to comparing total area under 

the curve. 

To clarify these results, we repeated our analysis in additional batches of kidney organoids. For 

this experiment, markers were analysed at d14 only, based on the observation that for those 

markers where a trend was distinguishable over a time-course, it was already apparent by d14. 
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Additional markers were also analysed, including both classic podocyte markers, genes known 

to be implicated in FSGS, and known transcriptional targets of WT1. A full list of the primer 

sequences used to amplify these targets is given in chapter 2-4-3. This analysis showed that 

there was a large amount of variation between assays (Figure 5-2, C). Some markers 

consistently displayed rescued expression in R56 organoids, although the level by which the 

marker increased was variable (PODXL, MAFB, TRPC6, INF2, ACTN4). Other markers 

showed opposite results in successive assays (NPHS1, NPHS2, WT1, MAGI2, PLCE1), and 

one marker (GLEPP1), contrary to expectations, was lower in R56 organoids twice in 

succession. From this variability, we concluded that it was not easily possible to assess the 

effectiveness of the rescue using a whole organoid approach. 

Interestingly, those that did appear to show a rescue effect across the time-course analysis 

(MAFB, PODXL) were expressed at relatively higher levels than those which did not show a 

rescue. This may be explained by the fact that the composition of a whole organoid (including 

percentage of glomeruli) varies from one assay to the next, and even from one organoid to the 

next within the same assay. This variability makes it difficult to compare target marker levels 

between whole organoids. It may be the case that we are only able to discern a clear trend 

where markers are expressed highly enough, and trends for markers which are less highly 

expressed are subject to being affected by the variation in podocyte levels between organoids 

(i.e. it could be that markers are indeed increased in rescued podocytes, but there may by chance 

be fewer of them collected in one batch thus skewing the results of the assay). However, this 

is speculative, and it was not possible to draw more concrete conclusions from the whole 

organoid data because of this variability. Based on this, it was therefore deemed necessary to 

isolate podocytes from whole organoids before performing further analysis.  
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Figure 5-2. Podocyte marker variability in patient and rescue whole organoids.  

(A) Whole organoids derived from patient (88G12) and rescue (R56) lines assayed by qPCR 
at stages spanning d8 to d26. Markers PODXL and MAFB display a marked increase in 
expression in R56 organoids from d8 to d18 (15-fold and 10-fold respectively at d18) as 
compared to the relatively lower levels observed in 88G12 organoids. Markers NPHS1 and 
WT1 display  no clear trend, and NPHS2 is observed to be consistently higher in the 88G12 
organoids than in R56 organoids. For each cell line, samples are representative of ~40 
organoids obtained at 8 individual time-points. Technical triplicates were performed for each 
sample at each timepoint assayed and expression is shown relative to the geomean of reference 
genes HPRT and GAPDH. (B) Total area under the curve calculated  for each marker indicating 
that NPHS2, PODXL, and MAFB were significantly different (p-values of 0.053, <0.0001, and 
<0.0001 respectively) while WT1 and NPHS1 were not (unpaired t-test, GraphPad Prism). (C) 
Replicate assays of markers in d14 organoids show a large degree of variability, with some 
markers consistently upregulated (to varying degrees) in R56 compared to 88G12 (PODXL, 
MAFB, TRPC6, INF2, ACTN4), some opposite trends in successive assays (NPHS1, NPHS2, 
WT1, MAGI2, PLCE1), and one consistently downregulated (GLEPP1). Expression is shown 
relative to 88G12 d14 organoids. 
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5.2.3. Isolation of podocytes from ESC line H9-P2A-EGFP-MAFB kidney organoids 

Because of the variability of target marker levels observed in whole organoids, we needed to 

isolate podocytes from organoids prior to performing further experiments. To do this, 

podocytes needed to be labelled in some manner. Our collaborators from the McMahon Lab 

(USC, USA) have previously generated an ESC line H9-MAFB-P2A-EGFP, in which EGFP 

is produced in cells under the control of the MAFB gene. In collaboration with the USC Stem 

Cell Engineering Facility, (who performed the gene editing according to our specifications), 

the WT1 variant was generated in the H9-MAFB-P2A-EGFP cell line. We imported both the 

control H9-MAFB-P2A-EGFP and the newly modified H9-MAFB-P2A-EGFP-WT1-MUT 

line. These lines were then used in the same manner as our iPSC lines to generate kidney 

organoids and assess expressed levels of selected podocyte markers and WT1 transcriptional 

targets. This time however, prior to collection at appropriate timepoints, organoids were 

dissociated and EGFP-labelled cells isolated.  

As observed in the patient and rescue organoids, control and WT1 variant ESC-derived 

organoids were comparable across all assay timepoints, producing round, uniform EBs on day 

3, and first tubules appearing on ~d7. Organoids were visually similar on d14, and size was 

also comparable across all timepoints measured from d8 to d14 (Figure 5-3, A). In organoids 

produced from the wild-type ESC line, GFP-positive structures were clearly visible, first 

appearing on d7-8 (which correlates with the timepoint when tubules first become visible) 

(Figure 5-3, B). In contrast, organoids produced from the WT1-mutant line showed a delay in 

the onset of GFP expression, and did not produce clearly visible GFP-positive structures until 

d10-12 (Figure 5-3, B). Once visible, these glomerular structures appeared less bright, and more 

‘diffuse’ than those derived from their control cell line counterparts ( data not shown). GFP 

intensity, as measured by mean grey value in ImageJ, was greater in wild type organoids at all 

timepoints measured from d8-14 (Figure 5-3, B). Given that overall organoid size was 
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comparable, this may indicate delayed or reduced podocyte development rather than overall 

organoid immaturity.  

Before performing further analysis, we needed to isolate GFP-positive podocytes. Several 

dissociation reagents were trialled to determine which was best in terms of giving efficient 

dissociation while maintaining cell survival. Five reagents were trialled: TrypLETM Select (1X) 

(GibcoTM), Trypsin (0.25%, Sigma), Gentle Cell Dissociation Reagent (Stem Cell 

Technologies), and Dispase (1U/mL, Stem Cell Technologies). Organoids derived from the 

control H9-MAFB-P2A-EGFP cell line were grown to d12 when tubules are clearly present 

and well-defined GFP structures are visible (Figure 5-4, A, B). Organoids were then dissociated 

and analysed both visually under fluorescent microscopy and using flow cytometry (BDTM 

LSIRII). Visual analysis showed TrypLE and trypsin treatment resulted in fairly uniform 

dissociation to single cells (Figure 5-4, C, D). Dispase (E), and GDR (F), dissociated slightly 

less effectively with some clumps of cells remaining intact. Interestingly, many of these clumps 

contained GFP-positive cells, indicating glomerular structures which had failed to dissociate 

(Figure 5-4, E, F). Flow cytometry was performed with the addition of propidium iodide 

(1/1000) (a DNA intercalating dye which is able to permeate non-viable cells) to assess cell 

viability. Filters for ‘live’ cells (as determined by a lack of propidium iodide staining, figure 5-

5, A), and ‘bright’ and ‘total’ GFP-positive cells (Figure 5-5, B) are shown for the TrypLE 

Select sample; these are representative and were kept consistent across all five samples. Results 

indicated that there was minimal cell death with TrypLE (97.2% cell survival), trypsin (97.3%), 

dispase (94%), and collagenase (96.6%) treatments. GDR fared slightly worse with only 74.4% 

cell survival. In terms of dissociating GFP-positive cells from glomerular structures, TrypLE 

and trypsin appeared to be most effective giving ‘bright’ GFP-positive populations of 18.6% 

and 21.3% respectively. Dispase, GDR and collagenase gave proportionally fewer ‘bright’ GFP 

positive cells (10.4%, 14.4%, and 15.7% respectively). Some variation between treatment 
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groups can likely be attributed to differences in the number of GFP positive cells between 

organoids. However, these results are largely consistent with our visual observations (whereby 

some structures containing GFP-positive cells did not dissociate fully with some treatments), 

and TrypLE and trypsin were therefore selected as the most efficient treatments. For all further 

experiments, TrypLE was used, based on visual observations that TrypLE treated cells 

appeared more viable than those treated with trypsin.  

Finally, to confirm enrichment of podocyte markers in GFP positive cells, ‘bright’ GFP cells 

and GFP-negative cells were isolated via FACS (BDTM FACSVantage) at day 14 and assessed 

via qPCR to compare the positive and negative populations (Figure 5-6, A). As expected, 

results showed that GFP-positive samples were significantly enriched for podocyte markers 

MAGI2, WT1, NPHS2, MAFB, GLEPP-1, PLCE1, INF2, and ACTN4 (Figure 5-6, B-I). 

 

 

 

 

 

 

Figure 5-3. EGFP expression in H9-MAFB-P2A-EGFP and H9-MAFB-P2A-EGFP-
WT1mut organoids.  

(A) Organoid morphology was comparable at d14, and size (calculated as normalised diameter 
from area measurements in ImageJ) was comparable at three time points from d8-d14 with no 
significant difference observed between the lines (unpaired t-test, P-values of 0.3786, 0.7181, 
and 0.2374 for d8, d12, and d14 respectively). (B) GFP expression was visualised earlier in 
wild type vs mutant organoids (d8 vs d10-12), and whole organoid EGFP intensity was higher 
in wild type organoids across all timepoints (measured as mean grey value in 10 organoids 
normalised to background grey value, ImageJ).  
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Figure 5-4. Comparison of whole organoid dissociation methods.  

Dissociation reagents were trialled on H9-MAFB-P2A-EGFP organoids at d12 when they had 
both visible tubules (A) and clearly visible green structures (B). Following a 20 minute 
incubation with each reagent, visual inspection showed that TrypLE (C) and trypsin (D) 
treatments resulted in fairly uniform dissociation to single cells. Dispase (E), and GDR (F), 
treatments also dissociated organoids but to a lesser extent; some clumps remained, many of 
which contained GFP-positive cells indicating incomplete dissociation of glomerular 
structures. 
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Figure 5-5. Flow cytometry comparison of organoid dissociation methods.  

Transgenic H9-MAFB-P2A-EGFP organoids dissociated using five separate reagents 
(TrpypLE Select 1X, 0.25% trypsin, dispase, GDR, and collagenase) were assessed for cell 
viability and GFP-positivity via flow cytometry. (A) Cell viability was assessed via propidium 
iodide staining, with a filter applied to differentiate cells that had taken up the stain from those 
without. (B) The population of live cells from (A) was then filtered for GFP positivity: ‘all 
GFP positive’ indicates total cells expressing GFP, and ‘bright GFP positive’ represents an 
obvious peak of cells with brighter detectable GFP. Representative plots from the TrypLE 
sample are shown in (A) and (B). Filters were kept consistent between all samples. (C) 
Percentages of viable cells and ‘bright’ GFP positive cells were compared for each condition 
to determine the optimum reagent for organoid dissociation. 
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Figure 5-6.  Enrichment of podocyte markers in GFP-positive cells isolated from H9-P2A-
EGFP organoids.  

(A) FACS filter settings for isolating GFP-positive and GFP-negative fractions from 
dissociated organoids at day 14. qPCR analysis of these fractions indicated that podocyte 
markers MAGI2 (B, P-value <0.0001), WT1 (C, P-value <0.0001), NPHS2 (D, P-value 
<0.0001), MAFB (E, P-value <0.0001), GLEPP-1 (F, P-value <0.0001), PLCE1 (G, P-value 
<0.0001), INF2 (H, P-value <0.0001), and ACTN4 (I, P-value <0.0001) were all significantly 
enriched in the GFP-positive fraction, compared to the GFP-negative fraction (GraphPad Prism 
6, unpaired t-test with equal SD). Values are shown relative to the geomean of reference genes 
HPRT and GAPDH 

5.2.4. Expression of podocyte markers and WT1 target genes is altered in WT1-variant 

podocytes 

To compare the expression of classic podocyte genes between control H9-MAFB-P2A-EGFP 

organoids and mutant H9-MAFB-P2A-EGFP-WT1-MUT organoids, podocytes were isolated 

from each line via FACS at 8 selected time points between d11 and d27. FACS analysis showed 

a more pronounced and slightly shifted peak, indicating more bright GFP positive cells in the 

wild type line compared to the mutant as well as the existence of some wild-type cells that were 

brighter than any cells found in the mutant (Figure 5-7, A). Gating was shifted slightly for the 

mutant line in order to obtain sufficient GFP +ve cells for analysis. qPCR assay for the same 

podocyte markers previously used in whole organoids demonstrated that NPHS1, NPHS2, 

PODXL, and MAFB were all expressed at lower levels in WT1-variant podocytes. This 

difference was significant at all timepoints tested bar two timepoints (day 17 and day 27) for 

NPHS1. Interestingly, no significant difference was observed in WT1 expression at any 

timepoint, suggesting that the mutant gene is expressed at similar levels to wild-type. 

Calculation of total area under the curve for each marker similarly indicated a significant 

difference in expression over the entire time course as a whole for NPHS1, NPHS2, PODXL, 

and MAFB, and no significant difference in WT1 expression (Figure 5-7, C).  

This analysis was repeated with additional podocytes genes and WT1 target genes in day 14 

organoids. This timepoint was selected as it appeared representative of the overall trend, and 
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previous work by other members of the Davidson laboratory has found that organoids express 

mature glomerular markers at this timepoint (Przepiorski et al., 2018). Again, markers NPHS1, 

NPHS2, PODXL, and MAFB showed downregulation in mutant cells (Figure 5-8A-D) . 

Similarly, additional podocyte genes GLEPP1, ACTN4, MAGI2, PLCE1, INF2 also showed 

significant downregulation (Figure 5-8, E-I). Some additional WT1 targets that are not known 

podocyte markers were also assayed. While not strictly relevant to the podocyte phenotype, 

this gave an additional read-out of WT1 function. PHF19 is a known WT1-dependent gene 

expressed in the cap mesenchyme during kidney development (Motamedi et al., 2014), and 

was downregulated in this model (Figure 5-8, M). USP18 was identified as the WT1 target most 

differentially expressed following ablation of Wt1 in E13.5 mouse kidneys, and is negatively 

regulated by WT1 (Shahidul Makki, Cristy Ruteshouser, & Huff, 2013). USP18 expression 

was upregulated in our mutant podocytes, consistent with reduced WT1 function (Figure 5-8, 

J). IGFBP5 is a downstream target expressed in an overlapping pattern with WT1 in the 

metanephric mesenchyme (M. Muller, Persson, Krueger, Kirschner, & Scholz, 2017), which 

again was downregulated in our mutant podocytes (Figure 5-8, N). Finally, the 

immunosuppressant cytokine IL10, a direct transcriptional target of WT1 (Sciesielski, 

Kirschner, Scholz, & Persson, 2010), is also downregulated (Figure 5-8, K). Interestingly, 

studies have variously shown IL10 to have protective effects or aggravation of renal injury, 

likely dependent on interactions with other cytokines and growth factors (Sinuani, 

Beberashvili, Averbukh, & Sandbank, 2013). Taken together, results indicated marked 

alterations to the expression of selected podocyte genes and WT1 targets in podocyte cells 

isolated from kidney organoids containing the WT1 variant of interest. 
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Figure 5-7. Temporal marker expression in ESC control and WT1-variant podocytes. 

(A) FACS plots showed a more pronounced ‘GFP +ve’ peak in wild type compared to mutant 
organoids. (B) Levels of selected target markers quantified in podocytes isolated from both 
control and mutant ESC organoids at time-points spanning d11 to d27. NPHS1, NPHS2, 
PODXL, and MAFB were significantly higher in the control (P-value <0.05) at all time points 
assayed excluding PODXL-d11 and NPHS1-d17 (which were also higher but did not achieve 
significance). No significant difference was observed in WT1 between control and mutant 
podocytes at any of the time-points tested (P-value <0.05). Samples were obtained from >50 
organoids at each time-point and results represent the mean of technical triplicates. (C) Total 
area under the curve calculated  for each marker indicated that NPHS1, NPHS2, PODXL, and 
MAFB were significantly different (p-values of 0.0007, 0.053, <0.0001, and <0.0001 
respectively) while WT1 was not (unpaired t-test, GraphPad Prism). 

 

 

 

 

 

Figure 5-8. Day 14 marker expression in ESC control and WT1-variant podocytes.  

Expression of podocyte genes NPHS1, NPHS2, PODXL, MAFB, GLEPP1, ACTN4, MAGI2, 
PLCE1, INF2 (A-I) and WT1 transcriptional targets USP18, IL10, PHF19, IGFBP5 (J-M) 
showed effects consistent with reduced activation (or repression) by the WT1 variant of interest 
(p-value <0.05, unpaired t-test GraphPad Prism). (O) WT1 expression was not significantly 
different. All assays were performed with technical triplicates, and duplicate or triplicate 
biological assays were performed for each marker with ~50 organoids used per assay. One 
representative assay is shown for each marker. 
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5.2.5. 1-azakenpaullone treatment rescues expression of podocyte markers in WT1-variant 

organoids 

Organoids provide an ideal platform for screening potential therapeutic compounds in a disease 

background. In our case, the altered gene expression signature in organoids containing the WT1 

variant carried by affected individuals gives an easy read-out of the effectiveness of potential 

compounds. The PhD work by another member of the Davidson Laboratory, Ms Sara Qubisi, 

demonstrated that the drug 1-azakenpaullone (a glycogen synthase kinase-3 beta (GSK3B) 

inhibitor) has protective effects in a zebrafish model of podocyte injury. Co-treatment with the 

drug ameliorates injury induced by protamine sulphate (a compound with known renal 

toxicity), including damage to the glomerular filtration barrier and downregulation of podocyte 

and glomerular basement membrane markers. Independent work by H. W. Lee et al. (2018) has 

also shown protective effects of 1-azakenpaullone and related compounds kenpaullone and 

alsterpaullone on an Adriamycin (ADR)-mediated zebrafish injury model.  These compounds 

are thought to have stabilising effects on the podocyte actin cytoskeleton, however there are 

few details known about their mechanism.  

Given these observations, we next tested whether 1-azakenkenpaullone could have therapeutic 

effects on WT1-variant kidney organoids. The drug treatment and analysis was performed 

together with the assistance of Davidson Laboratory member, Dr Veronika Sander. Both wild 

type and WT1-variant organoids were treated every second day from day 12 with 1uM or 10uM 

1-azakenpaullone for a total of four doses, and GFP-positive podocytes were isolated on day 

19. Interestingly, treatment appeared to have a dose-dependent effect on organoid clumping in 

wild type organoids only (data not shown). Both wild-type and WT1-variant organoids also 

showed a ‘fuzzy’ or ‘bubbly’ phenotype with the higher dose (Figure 5-9, A). In terms of GFP 

expression, 10uM WT1-variant organoids appeared slightly brighter than their DMSO-treated 

counterparts on day 19 (Figure 5-9, , A). This was consistent with FACS analysis, which 
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showed an increase in GFP-positive cells from 12.3% and 11.7% respectively in the DMSO-

treated and 1uM treated cells, to 24.3% of the 10uM treated cells (Figure 5-9, A). To test for 

an effect on podocyte gene expression, selected markers were quantified for each condition via 

qPCR. Markers NPHS1, PODXL, ACTN4, GLEPP1, and MAGI2, all of which are 

downregulated in WT1-variant podocytes, were all at least partially rescued by treatment with 

1-azakenpaullone in a clear dose dependent manner (Figure 5-9, B). NPHS1 in particular 

returned to wild type level. Previously, we have variously observed WT1 to be equivalent or 

only slightly downregulated in the affected line, however in this assay, it was downregulated 

by approximately one third. This may be due to due to batch effects on podocyte maturity or 

measurement noise, and is something that requires clarification in further work. This 

downregulation was also able to be rescued in duplicate assays in a dose dependent manner, 

with the 10uM dose returning expression to wild type levels (Figure 5-9, , B). Conversely, 

other podocyte markers MAFB, NPHS2 and PLCE1 did not show a rescue effect, and the Wnt 

signalling pathway target LEF1 was also not affected (Figure 5-9, B). The lack of rescue in 

MAFB expression was unexpected given the increased percentage of MAFB-EGFP positive 

cells in 1-azakenpaullone treated organoids, although observed transcriptional levels may not 

be directly reflective of  protein expression (Y. Liu, Beyer, & Aebersold, 2016). The 

discrepancy can likely be explained by the complex relationship between mRNA and protein 

levels, given reports that show as little as 40% correlation between mRNA and protein levels 

depending on the system, with the remaining variation dependent on various post 

transcriptional regulation and measurement noise (de Sousa Abreu, Penalva, Marcotte, & 

Vogel, 2009; Maier, Guell, & Serrano, 2009; Schwanhausser et al., 2011). This does suggest 

that caution is required in interpreting a single gene transcriptional readout. It is also worth 

noting that the MAFB-P2A-EGFP protein product is cleaved at P2A self-cleavage peptide post-

translation, and that while the EGFP visualized in organoids is produced at the same rate as 
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MAFB protein, it may have a longer half-life as well as being independent of ongoing feedback 

and MAFB-GFP transcriptional regulation. 

Given the action of the drug was not widespread (i.e. NPHS1 was rescued but NPHS2 was not), 

this may suggest a specific pathway or mechanism rather than a generalised effect on podocyte 

maturity. Overall, these results suggest that effects of the WT1 variant are partially ameliorated 

by 1-azakenpaulone treatment, although how this effect is mediated remains unclear and 

warrants further exploration. 

 

 

 

 

 

 

 

 

 

Figure 5-9. 1-azakenpaullone treatment partially rescues expression of podocyte markers 
in WT1-mutant organoids.  

(A) Organoids treated with 10uM 1-azakenpaullone have a ‘bubbly’ or ‘fuzzy’ phenotype and 
partially rescued GFP expression based on visualisation and FACS analysis. (B) Isolated 
podocytes show a dose-dependent rescue of expression of podocyte markers NPHS1, PODXL, 
ACTN4, GLEPP1, MAGI2, and WT1 (unpaired t-test, GraphPad Prism, p -values of 0.0012, 
0.0003, <0.0001, 0.0010, 0.0001, and <0.0001 respectively). Drug treatment and analysis were 
performed in collaboration with Dr Veronika Sander. 
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5.3. Discussion 

This chapter describes the comparative analysis of kidney organoids generated from stem cells 

lines with the WT1 variant-of-interest, with those generated from wild type control stem cell 

lines. The ESC lines analysed in this chapter differ from the iPSC lines generated in Chapter 

4, and were used for their transgenic MAFB-EGFP expression which enabled efficient isolation 

of podocytes from whole organoids. As hypothesised, WT1 variant cell lines were capable of 

generating kidney organoids which were visually comparable to their wild type counterparts in 

terms of morphology, however there were pronounced, observable effects at the transcriptional 

level. Results showed that isolated podocyte cells containing the WT1 variant displayed a 

marked difference in expression of select podocyte genes and WT1 targets, which indicated a 

likely role for the variant in causing the pathology observed in the pedigree. Moreover, these 

transcriptional changes were able to be rescued in a dose dependent manner by addition of the 

GSK3B inhibitor 1-azakenpaullone. This discussion will summarise the implications of these 

results in the context of the pathology in the pedigree, as well as the advantages and limitations 

of the kidney organoid model and potential avenues to further this work in future.  

 

5.3.1. Implications of findings  

The main outcome of this chapter was the finding that podocytes isolated from kidney 

organoids containing the patient mutation have altered expression of selected marker genes and 

WT1 target genes. This altered expression was in-line with a reduced capacity of WT1 to 

activate (or repress) its usual downstream network of target genes (i.e. the WT1 variant appears 

to be acting as a hypomorph). This was despite kidney organoids generated from each line 

being broadly comparable in terms of their visual appearance across all timepoints of the assay. 

Glomeruli were also apparent in both ESC wild type and WT1-variant lines based on 
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visualisation of MAFB-EGFP. We did observe that MAFB-EGFP expression by podocyte cells 

was delayed, and appeared less bright, and slightly ‘diffuse’ in the ESC WT1-variant line when 

compared to those derived from ESC wild-type organoids. This delay is interesting given that 

WT1 also plays a vital role in specification of the podocyte lineage from nephron progenitors 

during early kidney development (discussed elsewhere in this thesis). Given this embryonic 

role, it seems plausible that a WT1 hypomorph could  be causing a delay in the differentiation 

and maturation of podocytes in our organoid model, as visualised by delayed and reduced 

MAFB-EGFP expression.  

Aside from these observations however, whole organoids were visually comparable. The 

finding that mutant organoids retain a relatively normal appearance is not unexpected, for 

several reasons. The phenotype observed in this family is relatively mild, and onset occurs later 

than many other known genetic cases of FSGS or known WT1-related syndromes. The 

symptoms of hypertension and proteinuria were first identified during pregnancy. It is not 

known whether symptoms were present prior to this, but if so, they were not severe enough to 

warrant investigation and diagnosis. This is in contrast to many published instances of genetic 

FSGS, where onset most commonly occurs in childhood (De Vriese, Sethi, Nath, Glassock, & 

Fervenza, 2018; Lepori, Zand, Sethi, Fernandez-Juarez, & Fervenza, 2018). In addition to this, 

the kidney organoid model is not fully representative of a mature adult kidney. Comparison to 

human fetal kidneys indicates that the nephrons in a mature day 14 kidney organoid are 

comparable to the ‘late capillary loop stage’, in the third trimester of development (Przepiorski 

et al., 2018). The lack of physiological vascularisation and flow is another challenge facing the 

kidney organoid field, and this may also hinder recapitulation of disease symptoms (Huch, 

Knoblich, Lutolf, & Martinez-Arias, 2017; M. H. Little, 2016). Based on these factors, we 

expected that gross morphological changes may not be observable in this system. Observable 
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changes at the transcriptional level were hypothesised as being more likely, and this was borne 

out by our results. 

In terms of the observed transcriptional changes, the effect was perhaps even more marked than 

was hypothesised, based on the relatively less severe, late onset phenotype observed in the 

pedigree. In isolated podocytes, significantly reduced expression of key podocyte genes was 

clearly observable over a time course of analysis. While this could represent a delay rather than 

an overall reduction, podocytes isolated from mutant organoids failed to catch up within the 

timepoints analysed. The maximum timepoint examined, d27, is bordering on the outer limit 

of the time period for which our organoid system remains healthy in culture (due to expansion 

of outgrowths, fibrosis, and centralised regions of cell death; (Przepiorski et al., 2018)).  It is 

therefore beyond the scope of this model to assess whether there is a later, normalisation of 

phenotype. It is also not clear whether the effects at the transcriptional level reflect such 

pronounced changes at the protein level. Despite these caveats, this model does indicate that 

the WT1 variant-of-interest is a likely hypomorph, with the effect of reduced transcription of 

genes encoding critical components of the podocyte actin cytoskeleton and slit diaphragm that 

are necessary for maintaining glomerular filtration barrier integrity. This evidence is highly 

suggestive of a role for the WT1 variant in the pathology observed in the NZ FSGS pedigree. 

Further to this, we were able to partially ameliorate the transcriptional effects in affected 

podocytes via treatment with the compound 1-azakenpaullone. While we have not explored 

how the drug is mediating these effects, 1-azakenpaullone is a selective glycogen synthase 

kinase-3 beta (GSK3ß) inhibitor (Kunick, Lauenroth, Leost, Meijer, & Lemcke, 2004). It is 

interesting to note that there are conflicting reports in the literature on the effects of GSK3ß in 

kidney injury. Some reports are consistent with GSK3ß inhibition being protective. GSK3ß can 

mediate kidney injury, and its inhibition can prolong the protective Nrf2-mediated antioxidant 

stress response after injury (S. Zhou et al., 2016). Lithium-mediated GSK3ß inhibition also 
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ameliorates glomerulosclerosis and proteinuria in Adriamycin- injured mice (Xu, Ge, Liu, & 

Gong, 2014, 2015). Conversely, lithium can also cause nephrotic syndrome in some patients at 

therapeutic plasma levels (Petersen, Amaral, & Frosch, 2008; Wood, Parmelee, & Foreman, 

1989). It has also been reported that GSK3 is a critical, evolutionary conserved regulator of 

kidney function (Hurcombe et al., 2019). Depletion was shown to be developmentally lethal in 

mice and Drosophila, and pharmacological lithium-based inhibition in mice produced kidney 

disease with albuminuria.  

This raises questions on the utility of inhibiting GSK3ß in podocyte injury, and under what 

circumstances this strategy is protective. Effects may be dependent upon fine-tuning GSK3B 

levels, with protective effects conferred by reducing injury-mediated GSK3ß over-activation.  

There are also questions as to the specificity of the compound, as it also targets CDK1 and 

CDK5 (albeit at an IC50 two orders of magnitude greater). We have not looked at effects on 

GSK3ß in the WT1 variant cell line before or after treatment, and cannot rule-out that the effects 

of the drug are being mediated by alternative pathways (Kunick et al., 2004). Assuming a 

GSK3-specific effect, the specific pathways still remain unclear given that GSK3b is a very 

pleiotropic molecule and has a huge number of diverse actions via regulation of several distinct 

pathways (including Wnt and insulin signalling), and together, the a and b isoforms have over 

100 downstream substrates (Beurel, Grieco, & Jope, 2015; Jope, 2003).  

It is difficult to conclude from our analysis that the rescued podocyte target expression 

represents 1-azakenpaullone mediated upregulation of WT1, offsetting the WT1 

haploinsufficiency. We variously observed either no significant change in WT1, or a slight 

decrease (~30%) in WT1-variant podocytes. Where this decrease was observed, it was dose 

dependently rescued with 1-azakenpaullone, however the effect on WT1 requires further 

clarification. In order to rule out batch effects on podocyte maturity, and to test whether the 
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effects of the WT1-variant are isolated specifically to podocyte cells, further work is underway 

to isolate both tubules and podocytes from whole kidney organoids via magnetic activated cell 

sorting (MACS) for comparison of markers in tubules isolated from patient and rescue lines.  

Interestingly, the upregulation of podocyte targets was not widespread (i.e. some targets like 

NPHS1 are rescued and others like NPHS2 are not). This seems to indicate a selective effect, 

and suggests more factors are involved than simply rescuing WT1 haploinsufficiency. It does 

seem clear that the effects of GSK3ß in other models are at least partially mediated by action 

on the highly dynamic microtubule network. GSK3ß is known to phosphorylate Tau and 

microtubule-associated proteins (MAPs) which impairs their ability to stabilise microtubules 

(Maccioni & Cambiazo, 1995; Sanchez, Perez, & Avila, 2000). In the podocyte Adriamycin- 

injury model mentioned earlier, lithium mediated- GSKß inhibition and subsequent injury 

rescue showed amelioration of injury- induced microtubule remodelling and restoration of actin 

cytoskeleton integrity (Xu et al., 2014, 2015). Similar effects on microtubule stabilisation have 

been seen in a neurodegenerative capacity (Bunker, Wilson, Jordan, & Feinstein, 2004; 

Mandelkow et al., 1992; Yoshimura et al., 2005). This ties in with the recent focus on treating 

podocytopathies via actin-cytoskeleton stabilisation (Lal & Patrakka, 2018; Schiffer et al., 

2015; Tian & Ishibe, 2016). It may be that there is a connection between stabilisation of the 

cytoskeleton and the promotors of the specifically rescued genes, which remains to be 

determined. 

Another hypothetical effect would be through the known association of GSK3ß with the 

canonical Wnt pathway. Wnt pathway signalling cascades downstream of GSK3ß inhibition 

include ß-catenin stabilisation and upregulation of Lef1 and Tcf21 (Kuure, Popsueva, 

Jakobson, Sainio, & Sariola, 2007).In our analysis however, LEF1 was not affected by GSK3B 

inhibition. Further effects are likely also at play, and the pervasiveness of the kinase and its 

widespread action complicates its potential as a therapeutic target. Further clarification of 
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downstream mechanisms mediating podocytoprotective effects may help identify more 

feasible drug targets with fewer unintended effects. Either way, this work provides initial 

evidence that 1-azakenpaullone shows protective effects in a model of genetic FSGS, and the 

pathway mediating these effects warrants further exploration. This reinforces the usefulness of 

the kidney organoid/podocyte model as a platform for personalised screening of potential 

therapeutic compounds for podocytopathies. 

5.3.2. Potential limitations 

One major obstacle we encountered with this work was the variability observed when analysing 

whole organoids. This necessitated isolating podocytes from organoids prior to analysis, which 

was an additional technical consideration. This meant using a pre-existing transgenic ES cell 

line from a collaborating group (which express EGFP in MAFB-expressing podocyte cells, 

enabling FACS isolation), instead of the patient and rescue iPSC lines that were derived in 

chapter 4. To create the mutant line, the WT1 variant of interest was edited into the pre-existing 

wild type H9-MAFB-P2A-EGFP cell line (rather than our original strategy of rescuing the SNP 

in a patient line). While this strategy is also valid, and provided a work around within the 

available time-frame, our original reasoning for using the line was to study the variant in the 

identical genetic background as the affected individual. This would have eliminated the 

potential for the variant to manifest differently on a different genetic background. Effects of 

the variant did prove to be observable on the H9 ESC cell line background, which partially 

ameliorated this concern. Introducing the variant of interest in this unrelated genetic 

background also has the advantage of demonstrating that the observed effects are due to the 

variant of interest (rather than the entire genetic background of the patient which could 

potentially contain additional genetic variants with contributing effects). However, it would 

also be beneficial to perform the same analysis in the patient lines. Comparing expressed levels 

of podocyte genes across ESC and patient iPSC lines could also give some insight into whether 
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affected individuals in the pedigree have additional ‘modifier’ genes that contribute to the 

disease phenotype in addition to the WT1 variant (for example, if observed effects prove to be 

more severe in the patient background this would suggest additional factors at play). Showing 

an effect across multiple genetic backgrounds would also address the fact that the results 

obtained from the ESC lines are from a single cell line (each, for the control and mutant), which 

is a limitation that should be taken into consideration when interpreting results. While not 

complete at the time of thesis submission, work is in progress to isolate podocyte cells from 

the affected and rescue iPSC lines using an antibody to the extracellular domain of the NPHS1 

protein, to confirm that similar results are observed. Concurrently, kidney tubule cells will also 

be isolated using a pan-tubular antibody (to the protein EPCAM), in order to address whether 

the maturity of organoids across assays is consistent, as well as whether podocytes are indeed 

the only affected cell type within the organoid. 

Another limitation worth noting is that there may be a degree of cell stress associated with 

dissociating organoids, which could have consequences for the transcriptional signature of the 

cell. Podocytes are a highly differentiated, architecturally complex cell type, and dissociating 

them into single cells from their niche within the whole organoid is likely to induce changes to 

this structure. There is the potential that the isolation process could induce a stress or injury 

response in these cells. During kidney injury in vivo, a dysregulated podocyte phenotype is 

observed (Bariety et al., 2001; Barisoni et al., 2000; Barisoni et al., 1999). Initially, foot process 

effacement occurs after an initial, reversible insult, and in the case of prolonged or sustained 

injury, podocytes undergo irreversible stress and detachment from the GBM or apoptosis. 

Together with these ultrastructural changes, downregulated expression of mature podocyte 

marker genes is also observed, including WT1, SYNPO, PODXL, and GLEPP1. Structural 

changes due to the organoid dissociation/isolation process could induce similar transcriptional 

changes in a process analogous to in vivo kidney injury. If this is occurring within the timeframe 
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between isolating, sorting, and extracting RNA from podocyte cells, then we could effectively 

be looking at an ‘injured’ podocyte phenotype even in the control sample.  

It is not entirely clear whether this represents a problem, and finding a ‘perfect’ solution to this 

issue is challenging. One potential option is to look in whole organoids rather than isolating 

podocytes, however, as we demonstrated with our whole organoids assays in affected and 

rescued iPSC lines this is subject to a large degree of variation and would require a large 

number of organoids from large number of assays to normalise this variation and reliably 

determine an accurate result. Another method we attempted was manual micro-dissection of 

glomeruli from organoids, however glomeruli were difficult to identify and this proved 

technically challenging. Studies have also used sieving to separate out whole glomeruli from 

the organoids, which requires some manipulation but could be a way to minimise the extent of 

the agitation (Hale et al., 2018). Alternatively, the MARIS (Method for Analyzing RNA 

following Intracellular Sorting)  approach is another recently reported way to analyse RNA by 

isolating from fixed, rather than live cells (Hrvatin, Deng, O'Donnell, Gifford, & Melton, 

2014). The recent emergence of protocols to generate a pure population of podocyte cells via 

direct differentiation from stem cells represents another potential avenue (Musah, 

Dimitrakakis, Camacho, Church, & Ingber, 2018; Musah et al., 2017; Sharmin et al., 2016). 

These protocols have shown promising results, with differentiated cells exhibiting 

transcriptomic and protein expression profiles matching those shown by mature podocytes.  

However, the disadvantage of this approach is that these pure populations are in a less 

physiological environment than those produced in a niche within a whole organoid, which 

raises questions as to how well these represent a podocyte in its usual environment. In terms of 

what this means for our approach, it is likely still valid to make a comparison between two 

samples as long as they are treated in an identical manner. While there is the potential for cell 

stress during dissociation, this should affect both populations equally. If there was such an 
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effect, it did not mask the differences we observed between marker expression in wild type and 

affected podocytes. 

 

5.3.3. Proposed further work 

In terms of additional work that could be carried out to further this research, there are several 

experiments that would improve the robustness of this work and further our understanding of 

the effects of the WT1 variant. One of these, as previously mentioned, is to isolate podocytes 

from our affected and rescued iPSCs in order to perform the same comparative qPCR analysis 

as was done for the transgenic H9-MAFB-P2A-EGFP cell lines. More comprehensive 

histological analysis would also provide greater information as to whether there are subtle 

effects on morphology and to what extent marker expression is affected at the protein level. It 

could also be of benefit to comparatively analyse foot processes by electron microscopy. 

Previous characterisation of the organoid podocytes from our protocol revealed immature 

morphology after 14 days of culture, however podocytes at day 26 do display signs of more 

advanced cell-cell contacts, reminiscent of the early stages of foot process formation. We 

envision that podocytes from WT1 variant cell lines may display less advanced evidence of 

these structures. 

Further to this, RNA sequencing (RNA-Seq) of organoids or podocytes as has been performed 

by several groups (Combes, Zappia, Er, Oshlack, & Little, 2019; Czerniecki et al., 2018; 

Phipson et al., 2019; Wilson & Humphreys, 2019; Wu et al., 2018), would provide a more 

detailed picture of the effects of the WT1 variant and the degree of dysfunction involved. Single 

cell RNA sequencing (scRNA-Seq) of dissociated whole organoids by others indicates that the 

early transcriptional profile observed in developing podocytes is reactivated in glomerular 

disease (Harder et al., 2019), and it would be interesting to determine whether this was also 
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occurring in our organoid model of the affected WT1 variant. Aside from this, a more 

comprehensive transcriptional signature would provide a more detailed picture of the network 

of podocyte genes affected by the WT1 variant, and thus a clearer picture of potential methods 

to target this dysfunction therapeutically.  

In terms of therapeutics, the 1-azakenpaullone rescue suggests several avenues for 

investigation. If the effects of the drug are mediated by GSK3ß inhibition, then similar effects 

should be observable with other GSK3ß inhibitors. For example, CHIR99021 is an inhibitor of 

GSK3A and GSK3ß isoforms (Bain, McLauchlan, Elliott, & Cohen, 2003), which is already 

utilised on days 0-3 of our kidney organoid protocol, and could be tested for similar effects if 

re-added to the organoids post tubule formation. Another example is lithium, which has the 

added advantage of previous FDA approval for treatment of bipolar disorder and a 

corresponding safety record (W. T. O'Brien & Klein, 2009). Further work could also assess 

promising therapies in a mouse model of the pathology (created by introducing the equivalent 

variant by gene editing). This would be dependent on  recapitulating a similar phenotype in a 

mouse model, and with the caveat that WT1 does not always behave the same way in mice as 

in humans. For example, WT1 mutations associated with Wilms’ Tumour in humans are not 

necessarily tumorigenic in mice, due in part to differences in the proximity of WT1 and other 

genes (such as IGF2) which contribute to the tumour phenotype (Hu et al., 2011; Kreidberg et 

al., 1993). In some cases, WT1 related symptoms have been successfully recapitulated, for 

example WT1 Mice that are heterozygous for Wt1+/R394W (analogous to the most common 

mutation observed in human Denys-Drash patients), display characteristic proteinuria and 

glomerulosclerosis (Gao et al., 2004). However this is with the caveat that the phenotype is 

observed only in mice of an MF1 background, but not those of a mixed B6/129 background, 

suggesting additional strain specific modifier genes are needed to produce the phenotype. It 

remains to be determined whether the WT1 candidate SNP of interest would induce 
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glomerulosclerosis in a mouse model, particularly given that the phenotype in this case appears 

to be relatively less severe and later onset than many known WT1 mutations. If possible 

however, creating an in vivo model could be a valuable next step to complement the kidney 

organoid data, with the ultimate aim of translating GSK3ß inhibitors as a new therapy for 

FSGS.  

 

 

 

 

 

 

 

 

 

 

 

 

 



148 
 

Chapter 6. Summary and conclusions 

6.1. Summary of key findings 

The work in this thesis supports the hypothesis that the WT1-variant discovered in the NZ 

pedigree is causative for the pathology observed in affected family members. This chapter will 

summarise the key outcomes of each results chapter. A model for how the variant results in the 

pathology in the pedigree, as well as how the variant fits within the spectrum of known WT1-

associated pathologies will also be presented. 

6.1.1. Identification of WT1 as a candidate gene in the NZ pedigree (Chapter 3) 

A New Zealand pedigree was identified presenting with FSGS and associated defects of 

reproductive system development. Analysis of whole exome sequencing data generated from 

three affected individuals and one unaffected relative identified a variant-of-interest in the 

promising candidate gene WT1. The identified variant is an A to G missense substitution 

resulting in an R to Q change in the amino acid sequence of multiple isoforms of the WT1 

protein. The location of this substitution is in zinc finger 4 of the functional DNA binding 

domain of the protein, specifically in the central Arginine residue of this zinc finger that is a 

putative DNA contacting residue (Laity et al., 2000). The case for this WT1-variant being 

causative was supported by review of the literature where multiple instances of WT1-associated 

syndromes have been identified, which included effects on both renal and reproductive 

systems. Reporter assays using a dual luciferase system and overexpression of the wild-type 

and WT1-variant in HEK293 cells provided preliminary evidence that the WT1-variant 

displayed a reduced capacity to bind the promotor region of known target promoters, and 

therefore reduced transcriptional activation of downstream gene expression. Based on this, we 

hypothesized that the variant-of-interest is a WT1 hypomorph, and that WT1 

haploinsufficiency results in the pathology observed in the NZ pedigree. 
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6.1.2. Derivation of iPSCs from an affected patient and rescue of the WT1-variant (Chapter 

4) 

In order to model the effects of the candidate WT1-variant on podocytes, we generated a stem 

cell/kidney organoid model. To generate stem cell lines for this purpose, fibroblasts derived 

from a skin biopsy of affected individual 88G were reprogrammed to an induced pluripotent 

state. The resulting cells expressed pluripotency genes SOX2, NANOG, OCT4, and c-MYC, cell 

surface markers (TRA-1-60, TRA-1-81, SSEA4) and the enzyme alkaline phosphatase. 

Immunostaining for trilineage markers in differentiated embryoid bodies as well as the TaqMan 

Scorecard assay (a teratoma substitute) further demonstrated successful reprogramming. Using 

this cell line (88G12), the candidate WT1-variant was then corrected via CRISPR/Cas9 gene-

editing to generate isogenic control cell lines (88G12-R56 and 88G12-R27). This generated 

the tools for subsequent analysis (Chapter 5) to compare effects on podocytes generated within 

kidney organoids containing the WT1-variant.  

6.1.3. Characterisation of the effects of the WT1-variant on podocytes (Chapter 5) 

The effect of the WT1 variant in whole kidney organoids derived from patient and rescue iPSC 

lines cells was unclear. In order to address this, alternative embryonic stem cell lines expressing 

MAFB-EGFP were utilised. Podocytes were able to be isolated from whole kidney organoids 

derived from these lines via dissociation and FACS. Comparison of the podocyte transcriptome 

by qPCR of selected podocyte cytoskeleton genes and WT1 targets showed pronounced and 

consistent reduction of expression in podocytes derived from cell lines containing the WT1-

variant. This indicated that the WT1-variant has widespread effects on key components of the 

podocyte cytoskeleton and slit diaphragm, and suggested a potential mechanism for how the 

variant contributes to the kidney pathology observed in the NZ pedigree. The caveat to using 

these ESC lines is that they do not reflect the entire genetic background of the patient, and we 

cannot rule out that there may be contributing effects from additional modifier genes that affect 



150 
 

the way the phenotype manifests clinically in the patients. However, the fact that these results 

were obtained in an unrelated genetic background does suggest that there is at least a partial 

effect attributable specifically to the WT1 variant. Further to this, the expression level of 

podocyte cytoskeleton components was rescued in a dose dependent manner using the GSK3B 

inhibitor 1-azakenpaullone. Although the mechanism by which GSK3B inhibition mediates 

this rescue is unclear, this indicates an interesting direction for future therapeutic intervention 

in podocytopathies. 

6.2. A model of the WT1-variant pathology in the context of existing WT1-associated syndromes 

Based on evidence in this thesis, the identified WT1 variant is a plausible candidate for 

contributing to the pathology observed in the pedigree. The family present with symptoms of 

FSGS, bicornuate uterus, and hypertension. There is a well-established genotype-phenotype 

association between WT1 mutations and FSGS, and a number of identified familial mutations 

in WT1 show FSGS phenotypes (Lipska et al., 2014). Cases of isolated, nonsyndromic FSGS 

due to WT1 mutation have been reported, including a novel missense R458Q mutation in two 

Northern European kindreds from the United States (G. Hall et al., 2015), as well as a novel 

missense R403K mutation in a three-generation Italian family (Benetti et al., 2010). Numerous 

other reports describe syndromic FSGS presenting together with associated genitourinary 

abnormalities. Hypertension (as observed in two of three affected NZ individuals) is also 

consistent with previous reports in the literature, which document hypertension together with 

cases of WT1-associated FSGS and related genitourinary abnormalities (Davies et al., 1999; 

Drash, Sherman, Hartmann, & Blizzard, 1970; Lipska et al., 2014; Mazzei et al., 2016). 

Hypertension could also plausibly be associated with the cerebrovascular accident (CVA) in 

an additional family member of an earlier generation, who was deceased prior to this study. 

Further to this, bicornuate uterus (as observed in all three affected NZ individuals) has also 

been reported together with WT1 mutation. While effects of WT1 mutation on 46,XX 
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individuals are less well characterised than those in 46,XY individuals, there are reports of 

sporadic cases of abnormalities of the female reproductive system including bicornuate uterus 

and streak gonads (Lehnhardt et al., 2015; Pelletier et al., 1991). Another report also details a 

WT1 mutation in a genotypically female individual resulting in relatively more severe 

disordered sex development with gonadal dysgenesis (Ciccone et al., 2018). 

While the literature and the evidence in this thesis point toward WT1 as a strong candidate to 

explain the clinical presentation in the pedigree, this thesis did not explore the potential for 

additional modifier genes that could also be present and play a role in patient pathology. The 

effects observed in kidney organoids were attributable to the WT1-variant, however this does 

not preclude that additional modifying factors could also be present in the patient genetic 

background. While WT1 was the only candidate identified that accounted for both FSGS as 

well as related genitourinary abnormalities, other candidates were identified in Chapter 3 that 

could conceivably contribute to aspects of the clinical presentation. ADCK4 for example, is a 

known FSGS associated gene, with variants having been previously reported cases of familial 

FSGS (Ashraf et al., 2013; Korkmaz et al., 2016; Lolin et al., 2017; Vazquez Fonseca et al., 

2018). Although ADCK4 was excluded from our analysis based on a lack of association with 

extra-renal symptoms, it cannot be ruled out that this variant could contribute to FSGS in the 

family, particularly given a ‘deleterious’ SIFT score and ‘possibly damaging’ PolyPhen score. 

The possibility of an ADCK4 variant acting in conjunction with a WT1 variant merits 

investigation going forward. Similarly, candidate genes CDC20 and FARP2 were potential 

candidates that were excluded early in analysis and not investigated further. Neither variant 

was predicted to be highly damaging by various protein prediction tools, and Human Protein 

Atlas showed conflicting results as to whether CDC20 expression is present in glomeruli while 

FARP2 was not strongly associated with the pathology based on phenotype-based analysis. 

Nevertheless, both were classed as ‘high impact’ frameshift variants by VEP software. Despite 



152 
 

overall low tissue specificity, FARP2 does show ‘medium’ enrichment in glomeruli (Human 

Protein Atlas) and there could perhaps be the potential for modifier effects in conjunction with 

the WT1 variant. CDC20 encodes a cell cycle protein, and podocyte stress due to dysregulated 

glomerular growth has been reported to play a role in adaptive forms of FSGS (Nishizono et 

al., 2017). An inclusive approach to assessing these potential additional candidates would help 

to mitigate potential bias going forward and could assess the possibility that additional variants 

could contribute to the pedigree phenotype, possibly in conjunction with the WT1 variant in a 

polygenic manner. 

Having investigated WT1 in isolation thus far, the clinical presentation in the family suggests 

that the variant reported in this work represents a novel addition to the landscape of numerous 

WT1-associated pathologies that present as various abnormalities of genitourinary 

development. Classifying such an addition is not entirely straightforward. As outlined in more 

detail elsewhere in this thesis, this category includes mutations that result in WAGR (gross 

deletion of a region of chromosome 11 encompassing the WT1 gene), Frasier (splice donor site 

mutation in intron 9 affecting the balance of KTS- to KTS+ isoforms of the protein), and 

Denys-Drash (most commonly missense mutation of exon 8 or exon 9 and the corresponding 

zinc fingers 2 and 3) syndromes. In addition to this, case reports detail additional mutations 

which are not strictly classified as one of these syndromes but have related phenotypic 

presentation, and there is also some controversy as to whether Frasier and Denys-Drash should 

be considered individual syndromes (Koziell & Grundy, 1999; McTaggart, Algar, Chow, 

Powell, & Jones, 2001). Indeed, there is a sliding spectrum of severity even within the same 

syndrome. This is evident, for example, in individual cases of Denys-Drash where specific 

mutations can manifest as straightforward loss of DNA binding (ie WT1 haploinsufficiency), 

or relatively more complex cases where alleles have dominant or dominant negative function 

(Guaragna et al., 2017; Holmes et al., 1997; Wang et al., 2018). Much of this is down to the 
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specific effects of an individual mutation, although some variance is also postulated to come 

from the co-inheritance of common modifier gene variants (Slavotinek & Tifft, 2002). 

We postulate that the NZ variant is a WT1 hypomorph, and fits somewhere within this known 

spectrum of WT1-associated syndromes (Figure 6-1). The pathology in the pedigree can likely 

be attributed to a corresponding  reduction in expression of target genes critical for proper 

urogenital development and function. The reduced ability of the variant to activate target gene 

expression is consistent with the location of the variant in question, within a putative DNA 

contacting residue in zinc finger four (Laity et al., 2000). In particular, substitution at this 

structurally critical location of a positively charged R residue for the charge neutral Q provides 

a plausible mechanism by which the variant could have reduced affinity for conserved 

consensus binding sites. The effects of the variant on the podocyte transcriptome are also 

consistent with unstable podocyte architecture characteristic of FSGS (Campbell & Tumlin, 

2018; Reidy & Kaskel, 2007). Rescue of these effects with a GSK3B inhibitor thought to have 

stabilising effects on the cytoskeleton lends further credence. Based on these observations, an 

increased susceptibility to stress and increased workload such as the pregnancy-related 

hypertension observed in the pedigree seems highly likely. It is also plausible that a WT1 

hypomorph could have effects on uterine development, given its expression in the mesenchyme 

surrounding the developing Mullerian ducts. WT1 is co-expressed with known transcriptional 

target AMHR2 in a sexually dimorphic pattern, found in cells surrounding the ducts from E13.5 

in male mice and E15.5 in female mice (Arango et al., 2008; Klattig et al., 2007; Orvis et al., 

2008; Zhan et al., 2006). It is possible that failed regression of the uterine midline septum in 

the NZ pedigree could represent a later, relatively minor form of the failed Müllerian duct 

regression previously reported in XY individuals with WT1 mutations who present with 

internal hermaphroditism (Klattig et al., 2007; Moses & Behringer, 2019; Mullen & Behringer, 

2014).  
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As far as severity of pathology in WT1-opathies, the symptoms in this pedigree are milder than 

many cases, with adult onset of the FSGS and comparatively minor reproductive system 

anomalies. We envision that the hypomorphic nature of the WT1 impairment is sufficient to 

explain the presentation, although additional gain-of-function activities were not explored and 

may also play a role. In addition, there may be genetic modifiers in the family that act to 

mitigate or aggravate the effect of the variant on WT1 function, as proposed to explain the 

spectrum of presentations in Denys-Drash and Frasier syndromes. Additional candidate gene 

variants were identified in Chapter 3 that did not explain all the symptoms but could play a 

contributing role, particularly in development of the FSGS phenotype. The potential for these 

additional variants acting as modifier variants cannot be ruled out, and remains to be explored 

in further work. Ultimately however, this work has identified a WT1 variant which is notable 

for its exon 10 location outside the traditional hotspot of exon 8 and 9 variants. This variant, 

presumed to be a hypomorph, represents a novel addition to the growing number of WT1 

variants with known pathology, and a novel genetic cause of adult-onset FSGS and bicornuate 

uterus.   

 

 

 

 

 

 

 

 

 



155 
 

Figure 6-1 A novel variant in the NZ pedigree represents an addition to the known 
spectrum of WT1-associated syndromes.  

Within the spectrum of known WT1-opathies, the WT1 variant identified in this work is a novel 
case which fits on the milder end of the severity scale, consisting of late-onset FSGS with 
hypertension and proteinuria, bicornuate uterus, and hypospadias. Effects of this variant on the 
podocyte transcriptome are consistent with a WT1 hypomorph, as compared to the gross 
deletion observed in WAGR syndrome, the altered isoform ratios of Frasier syndrome, or the 
dominant effects often observed in cases of Denys-Drash. 
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6.3. Future perspectives 

Personalised disease modelling is a growing field. This is due to advances in multiple areas, 

specifically more efficient and affordable ‘Next Generation’ sequencing technologies, 

advances in protocols to generate ‘organ-in-a-dish’ models of disease, and the CRISPR/Cas9 

technology that has revolutionised the field of gene editing. Where putative gene variants have 

been identified, generating a disease model in a dish allows interrogation of disease 

mechanisms in the setting of the tissue type of interest. Gene editing is also key, as it provides 

the means the generate these variants in pre-existing stem cell lines, or even correct causative 

variants in the exact genetic background of the patient. In general terms, together these 

technologies ultimately have the potential to lead to advances in future personalised disease 

screening, creation of healthy bioartificial organs, and even targeted correction of specific 

diseases directly in affected individuals. In the present case, through combined advances in 

each of these technologies we were able to identify a novel variant which we modelled in a 

semi-physiological setting by generating human kidney organoids with (and without) the 

genetic variant of interest. While we generated evidence linking the variant to the renal 

pathology in the pedigree, there is much to be explored to better understand the mechanisms 

by which the variant acts to elicit this pathology, and thus how therapeutic treatments might 

act to stabilise these effects.  Additional biochemical exploration of the activity of this specific 

WT1-variant would likely be helpful and comparison to known disease-associated WT1 

mutations would help to clarify where this particular variant exists within the spectrum of 

syndromes with varying physical manifestations. Greater understanding of the effects of WT1 

in uterine development (and anomalies such as bicornuate uterus) would also be of value to the 

wider field of genitourinary anomalies, and is something that could perhaps be explored 

through comprehensive characterisation of the early stages of Mullerian duct fusion and septum 

regression. This is challenging however given the curiosity that most traditional model 
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organisms develop a bicornuate uterus as standard. The ultimate purpose of better 

understanding this (and other) genetic disease, is usually treatment, or even prevention. 

Podocytes derived from organoids represent an excellent platform for drug screening, which 

could be performed particularly with pre-approved drugs to facilitate rapid translation to the 

clinic. GSK3B inhibition looks to be a promising avenue, with this work and others having 

shown protective effects on stabilising cytoskeletal podocyte architecture. There are however, 

also suggestions of unfavourable effects. Retinoic acid is another treatment that has shown 

positive effects on the podocyte but has unsuitable levels of systemic toxicity. Clarification of 

the mechanism by which these compounds achieve protective effects would be helpful in 

identifying druggable targets with less systemic toxicity and suitable safety profiles for human 

use. This would require comprehensive biochemical and in vivo interrogation of downstream 

pathways. Our model of the NZ variant could serve as a system with which to further 

investigate these pathways, as well as testing whether identified targets represent viable 

treatment options, both for the NZ family with FSGS and as transferable therapies in other 

cases of FSGS. A mouse model of the NZ pedigree variant would be an additional, valuable 

potential avenue for testing such promising compounds. Further to this, in terms of clinical 

relevance of the present work, we also suggest that exon 10 should perhaps be routinely 

screened in suspected cases of genetic FSGS in addition to the commonly tested ‘hotspot’ 

encompassing the region from exon 8 to intron 9. 
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Payment terms and conditions.  These terms and conditions, together with CCC's Billing 
and Payment terms and conditions (which are incorporated herein), comprise the entire 
agreement between you and publisher (and CCC) concerning this licensing transaction.  In 
the event of any conflict between your obligations established by these terms and 
conditions and those established by CCC's Billing and Payment terms and conditions, 
these terms and conditions shall control. 

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions 
described in this License at their sole discretion, for any reason or no reason, with a full 
refund payable to you.  Notice of such denial will be made using the contact information 
provided by you.  Failure to receive such notice will not alter or invalidate the denial.  In 
no event will Elsevier or Copyright Clearance Center be responsible or liable for any 
costs, expenses or damage incurred by you as a result of a denial of your permission 
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright 
Clearance Center for denied permissions. 

LIMITED LICENSE 

The following terms and conditions apply only to specific license types: 

15. Translation: This permission is granted for non-exclusive world English rights only 
unless your license was granted for translation rights. If you licensed translation rights you 
may only translate this content into the languages you requested. A professional translator 
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must perform all translations and reproduce the content word for word preserving the 
integrity of the article. 

16. Posting licensed content on any Website: The following terms and conditions apply 
as follows: Licensing material from an Elsevier journal: All content posted to the web site 
must maintain the copyright information line on the bottom of each image; A hyper-text 
must be included to the Homepage of the journal from which you are licensing at 
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books 
at http://www.elsevier.com; Central Storage: This license does not include permission for 
a scanned version of the material to be stored in a central repository such as that provided 
by Heron/XanEdu. 

Licensing material from an Elsevier book: A hyper-text link must be included to the 
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must 
maintain the copyright information line on the bottom of each image. 

 
Posting licensed content on Electronic reserve: In addition to the above the following 
clauses are applicable: The web site must be password-protected and made available only 
to bona fide students registered on a relevant course. This permission is granted for 1 year 
only. You may obtain a new license for future website posting.  

17. For journal authors: the following clauses are applicable in addition to the above: 

Preprints: 

A preprint is an author's own write-up of research results and analysis, it has not been 
peer-reviewed, nor has it had any other value added to it by a publisher (such as 
formatting, copyright, technical enhancement etc.). 

Authors can share their preprints anywhere at any time. Preprints should not be added to or 
enhanced in any way in order to appear more like, or to substitute for, the final versions of 
articles however authors can update their preprints on arXiv or RePEc with their Accepted 
Author Manuscript (see below). 

If accepted for publication, we encourage authors to link from the preprint to their formal 
publication via its DOI. Millions of researchers have access to the formal publications on 
ScienceDirect, and so links will help users to find, access, cite and use the best available 
version. Please note that Cell Press, The Lancet and some society-owned have different 
preprint policies. Information on these policies is available on the journal homepage. 

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an 
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author 
communications. 

Authors can share their accepted author manuscript: 

• immediately 
o via their non-commercial person homepage or blog 
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o by updating a preprint in arXiv or RePEc with the accepted manuscript 
o via their research institute or institutional repository for internal 

institutional uses or as part of an invitation-only research collaboration 
work-group 

o directly by providing copies to their students or to research collaborators 
for their personal use 

o for private scholarly sharing as part of an invitation-only work group on 
commercial sites with which Elsevier has an agreement 

• After the embargo period 
o via non-commercial hosting platforms such as their institutional repository 
o via commercial sites with which Elsevier has an agreement 

In all cases accepted manuscripts should: 

• link to the formal publication via its DOI 
• bear a CC-BY-NC-ND license - this is easy to do 
• if aggregated with other manuscripts, for example in a repository or other site, be 

shared in alignment with our hosting policy not be added to or enhanced in any 
way to appear more like, or to substitute for, the published journal article. 

Published journal article (JPA): A published journal article (PJA) is the definitive final 
record of published research that appears or will appear in the journal and embodies all 
value-adding publishing activities including peer review co-ordination, copy-editing, 
formatting, (if relevant) pagination and online enrichment. 

Policies for sharing publishing journal articles differ for subscription and gold open access 
articles: 

Subscription Articles: If you are an author, please share a link to your article rather than 
the full-text. Millions of researchers have access to the formal publications on 
ScienceDirect, and so links will help your users to find, access, cite, and use the best 
available version. 

Theses and dissertations which contain embedded PJAs as part of the formal submission 
can be posted publicly by the awarding institution with DOI links back to the formal 
publications on ScienceDirect. 

If you are affiliated with a library that subscribes to ScienceDirect you have additional 
private sharing rights for others' research accessed under that agreement. This includes use 
for classroom teaching and internal training at the institution (including use in course 
packs and courseware programs), and inclusion of the article for grant funding purposes. 

Gold Open Access Articles: May be shared according to the author-selected end-user 
license and should contain a CrossMark logo, the end user license, and a DOI link to the 
formal publication on ScienceDirect. 

Please refer to Elsevier's posting policy for further information. 

18. For book authors the following clauses are applicable in addition to the 
above:   Authors are permitted to place a brief summary of their work online only. You are 
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not allowed to download and post the published electronic version of your chapter, nor 
may you scan the printed edition to create an electronic version. Posting to a repository: 
Authors are permitted to post a summary of their chapter only in their institution's 
repository. 

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may 
be submitted to your institution in either print or electronic form. Should your thesis be 
published commercially, please reapply for permission. These requirements include 
permission for the Library and Archives of Canada to supply single copies, on demand, of 
the complete thesis and include permission for Proquest/UMI to supply single copies, on 
demand, of the complete thesis. Should your thesis be published commercially, please 
reapply for permission. Theses and dissertations which contain embedded PJAs as part of 
the formal submission can be posted publicly by the awarding institution with DOI links 
back to the formal publications on ScienceDirect. 

  

Elsevier Open Access Terms and Conditions 

You can publish open access with Elsevier in hundreds of open access journals or in 
nearly 2000 established subscription journals that support open access publishing. 
Permitted third party re-use of these open access articles is defined by the author's choice 
of Creative Commons user license. See our open access license policy for more 
information. 

Terms & Conditions applicable to all Open Access articles published with Elsevier:  

Any reuse of the article must not represent the author as endorsing the adaptation of the 
article nor should the article be modified in such a way as to damage the author's honour 
or reputation. If any changes have been made, such changes must be clearly indicated. 

The author(s) must be appropriately credited and we ask that you include the end user 
license and a DOI link to the formal publication on ScienceDirect. 

If any part of the material to be used (for example, figures) has appeared in our publication 
with credit or acknowledgement to another source it is the responsibility of the user to 
ensure their reuse complies with the terms and conditions determined by the rights holder. 

Additional Terms & Conditions applicable to each Creative Commons user license: 

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new 
works from the Article, to alter and revise the Article and to make commercial use of the 
Article (including reuse and/or resale of the Article by commercial entities), provided the 
user gives appropriate credit (with a link to the formal publication through the relevant 
DOI), provides a link to the license, indicates if changes were made and the licensor is not 
represented as endorsing the use made of the work. The full details of the license are 
available at http://creativecommons.org/licenses/by/4.0. 

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts, 
abstracts and new works from the Article, to alter and revise the Article, provided this is 
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not done for commercial purposes, and that the user gives appropriate credit (with a link to 
the formal publication through the relevant DOI), provides a link to the license, indicates if 
changes were made and the licensor is not represented as endorsing the use made of the 
work. Further, any new works must be made available on the same conditions. The full 
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0. 

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the 
Article, provided this is not done for commercial purposes and further does not permit 
distribution of the Article if it is changed or edited in any way, and provided the user gives 
appropriate credit (with a link to the formal publication through the relevant DOI), 
provides a link to the license, and that the licensor is not represented as endorsing the use 
made of the work. The full details of the license are available at 
http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access 
articles published with a CC BY NC SA or CC BY NC ND license requires permission 
from Elsevier and will be subject to a fee.  

Commercial reuse includes: 

• Associating advertising with the full text of the Article 
• Charging fees for document delivery or access 
• Article aggregation 
• Systematic distribution via e-mail lists or share buttons 

Posting or linking by commercial companies for use by customers of those companies. 
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Issue, if republishing an article from a 
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With incidental promotional use no 
The lifetime unit quantity of new product Up to 499 
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Glomerulosclerosis 
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Total (may include CCC user fee) 0.00 USD  

Terms and Conditions  

TERMS AND CONDITIONS 

The following terms are individual to this publisher: 

None 

Other Terms and Conditions: 

STANDARD TERMS AND CONDITIONS 

1. Description of Service; Defined Terms. This Republication License enables the User to 
obtain licenses for republication of one or more copyrighted works as described in detail on 
the relevant Order Confirmation (the “Work(s)”). Copyright Clearance Center, Inc. 
(“CCC”) grants licenses through the Service on behalf of the rightsholder identified on the 
Order Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means 
the inclusion of a Work, in whole or in part, in a new work or works, also as described on 
the Order Confirmation. “User”, as used herein, means the person or entity making such 
republication. 

2. The terms set forth in the relevant Order Confirmation, and any terms set by the 
Rightsholder with respect to a particular Work, govern the terms of use of Works in 
connection with the Service. By using the Service, the person transacting for a 
republication license on behalf of the User represents and warrants that he/she/it (a) has 
been duly authorized by the User to accept, and hereby does accept, all such terms and 
conditions on behalf of User, and (b) shall inform User of all such terms and conditions. In 
the event such person is a “freelancer” or other third party independent of User and CCC, 
such party shall be deemed jointly a “User” for purposes of these terms and conditions. In 
any event, User shall be deemed to have accepted and agreed to all such terms and 
conditions if User republishes the Work in any fashion. 

3. Scope of License; Limitations and Obligations. 

3.1 All Works and all rights therein, including copyright rights, remain the sole and 
exclusive property of the Rightsholder. The license created by the exchange of an Order 
Confirmation (and/or any invoice) and payment by User of the full amount set forth on that 
document includes only those rights expressly set forth in the Order Confirmation and in 
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these terms and conditions, and conveys no other rights in the Work(s) to User. All rights 
not expressly granted are hereby reserved. 

3.2 General Payment Terms: You may pay by credit card or through an account with us 
payable at the end of the month. If you and we agree that you may establish a standing 
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance 
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are 
payable upon their delivery to you (or upon our notice to you that they are available to you 
for downloading). After 30 days, outstanding amounts will be subject to a service charge of 
1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless 
otherwise specifically set forth in the Order Confirmation or in a separate written 
agreement signed by CCC, invoices are due and payable on “net 30” terms. While User 
may exercise the rights licensed immediately upon issuance of the Order Confirmation, the 
license is automatically revoked and is null and void, as if it had never been issued, if 
complete payment for the license is not received on a timely basis either from User directly 
or through a payment agent, such as a credit card company. 

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is 
“one-time” (including the editions and product family specified in the license), (ii) is non-
exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions 
(such as, but not limited to, limitations on duration of use or circulation) included in the 
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of 
the licensed use, User shall either secure a new permission for further use of the Work(s) or 
immediately cease any new use of the Work(s) and shall render inaccessible (such as by 
deleting or by removing or severing links or other locators) any further copies of the Work 
(except for copies printed on paper in accordance with this license and still in User's stock 
at the end of such period). 

3.4 In the event that the material for which a republication license is sought includes third 
party materials (such as photographs, illustrations, graphs, inserts and similar materials) 
which are identified in such material as having been used by permission, User is 
responsible for identifying, and seeking separate licenses (under this Service or otherwise) 
for, any of such third party materials; without a separate license, such third party materials 
may not be used. 

3.5 Use of proper copyright notice for a Work is required as a condition of any license 
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper 
copyright notice will read substantially as follows: “Republished with permission of 
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of 
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice 
must be provided in a reasonably legible font size and must be placed either immediately 
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a 
separate electronic link) or in the place where substantially all other credits or notices for 
the new work containing the republished Work are located. Failure to include the required 
notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay 
liquidated damages for each such failure equal to twice the use fee specified in the Order 
Confirmation, in addition to the use fee itself and any other fees and charges specified. 

3.6 User may only make alterations to the Work if and as expressly set forth in the Order 
Confirmation. No Work may be used in any way that is defamatory, violates the rights of 
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third parties (including such third parties' rights of copyright, privacy, publicity, or other 
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In 
addition, User may not conjoin a Work with any other material that may result in damage to 
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any 
infringement of any rights in a Work and to cooperate with any reasonable request of CCC 
or the Rightsholder in connection therewith. 

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and 
their respective employees and directors, against all claims, liability, damages, costs and 
expenses, including legal fees and expenses, arising out of any use of a Work beyond the 
scope of the rights granted herein, or any use of a Work which has been altered in any 
unauthorized way by User, including claims of defamation or infringement of rights of 
copyright, publicity, privacy or other tangible or intangible property. 

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE 
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL 
OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES 
FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS 
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, 
EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 
DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their 
respective employees and directors) shall not exceed the total amount actually paid by User 
for this license. User assumes full liability for the actions and omissions of its principals, 
employees, agents, affiliates, successors and assigns. 

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC 
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER 
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL 
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER 
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED 
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR 
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, 
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE 
WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED 
BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE 
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT. 

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User 
of a Work beyond the scope of the license set forth in the Order Confirmation and/or these 
terms and conditions, shall be a material breach of the license created by the Order 
Confirmation and these terms and conditions. Any breach not cured within 30 days of 
written notice thereof shall result in immediate termination of such license without further 
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately 
upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license 
price therefor; any unauthorized (and unlicensable) use that is not terminated immediately 
for any reason (including, for example, because materials containing the Work cannot 
reasonably be recalled) will be subject to all remedies available at law or in equity, but in 
no event to a payment of less than three times the Rightsholder's ordinary license price for 
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the most closely analogous licensable use plus Rightsholder's and/or CCC's costs and 
expenses incurred in collecting such payment. 

8. Miscellaneous. 

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the 
Service or to these terms and conditions, and CCC reserves the right to send notice to the 
User by electronic mail or otherwise for the purposes of notifying User of such changes or 
additions; provided that any such changes or additions shall not apply to permissions 
already secured and paid for. 

8.2 Use of User-related information collected through the Service is governed by CCC’s 
privacy policy, available online here: 
http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html. 

8.3 The licensing transaction described in the Order Confirmation is personal to User. 
Therefore, User may not assign or transfer to any other person (whether a natural person or 
an organization of any kind) the license created by the Order Confirmation and these terms 
and conditions or any rights granted hereunder; provided, however, that User may assign 
such license in its entirety on written notice to CCC in the event of a transfer of all or 
substantially all of User’s rights in the new material which includes the Work(s) licensed 
under this Service. 

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed 
by the parties. The Rightsholder and CCC hereby object to any terms contained in any 
writing prepared by the User or its principals, employees, agents or affiliates and purporting 
to govern or otherwise relate to the licensing transaction described in the Order 
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order 
Confirmation and/or in these terms and conditions or CCC's standard operating procedures, 
whether such writing is prepared prior to, simultaneously with or subsequent to the Order 
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in 
a separate instrument. 

8.5 The licensing transaction described in the Order Confirmation document shall be 
governed by and construed under the law of the State of New York, USA, without regard to 
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding 
arising out of, in connection with, or related to such licensing transaction shall be brought, 
at CCC's sole discretion, in any federal or state court located in the County of New York, 
State of New York, USA, or in any federal or state court whose geographical jurisdiction 
covers the location of the Rightsholder set forth in the Order Confirmation. The parties 
expressly submit to the personal jurisdiction and venue of each such federal or state court.If 
you have any comments or questions about the Service or Copyright Clearance Center, 
please contact us at 978-750-8400 or send an e-mail to info@copyright.com. 

v 1.1 
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or 
+1-978-646-2777. 

 

 




