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Abstract(

Cystinosis is a rare lysosomal storage disease caused by mutations in the CYSTINOSIN 

(CTNS) gene, encoding a cystine transporter located on the lysosomal membrane. Cystinosis 

leads to an accumulation of cystine within lysosomes in most cells of the body, however the 

kidney is the main organ affected.  For poorly understood reasons, renal proximal tubule (PT) 

cells lose their functionality and degenerate in cystinosis, forming a characteristic “swan-

neck” lesion that leads to kidney failure before 10 years of age. Although, a drug-based 

therapy is available for cystinotic patients, the progression to kidney failure can only be 

delayed not prevented. A major challenge in the cystinosis field is the variation in cellular 

phenotypes between cell-based models of cystinosis and differences in the presentation of the 

disease in the mouse knockout.  As such, there is no consensus on the pathways responsible 

for the cause of the disease.  In order to develop a better human cell-based model of 

cystinosis, our lab has generated human pluripotent stem cells from a cystinosis patient 

(CTNS-iPS).  The aim of this thesis is to characterise the cellular phenotype of CTNS-iPS 

cells and to develop protocols to differentiate these cells into cystinotic PT cells for further 

study.   

CTNS-iPS cells were found to exhibit classic cystinotic defects including increased cystine 

levels, an altered ratio of reduced to oxidised glutathione (indicative of oxidative stress), 

mitochondria with a fragmented morphology, and enlarged late endosomes/lysosomes that 

cluster in a perinuclear region.  Approximately 25% of CTNS-iPS cells display massive 

multivesicular body-like vesicles that contain numerous electron-lucent vesicles when 

visualised by electron microscopy.  

Two protocols were established to convert iPS cells into PT cells. In the first, iPS cells were 

treated with Activin A, the Wnt agonist CHIR99021 (CHIR) and BMPs and then purified by 

FACS, based on binding to the PT cell specific lectin FITC-conjugated lotus tetragonolobus 

lectin.  The resulting PT-like cells expressed numerous PT markers, displayed an epithelial 

morphology and could be maintained in culture for up to 28 days without losing their 

identity. In the second protocol, it was found that treating iPS cells with high levels of CHIR 

resulted in the formation of 3D tubules.  When these structures were transferred into 

suspension bioreactors they grew into avascular kidney organoids comprised of 3-5 nephrons 

with renal tubules consisting of distinct proximal and distal segments and primitive glomeruli 

containing podocytes. Using this protocol, CTNS-iPS cells were differentiated into cystinotic 
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kidney organoids and found to accumulate large multivesicular body-like vesicles in the renal 

tubules but did not display morphological signs of the swan-neck lesion. 

Taken together the data presented in this thesis shows that CTNS-iPS cells provide a new 

human cell-based model to study cystinosis.  Development of PT-like monolayer and kidney 

organoid assay will significantly enhance our understanding of disease pathways in 

cystinosis. Kidney organoids provide novel means to study development of the swan-neck 

lesion and PT cell dysfunction in vitro and offer the potential for development of new and 

improved treatment of the disease.  
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Chapter 1.!Introduction(

This project focuses on using pluripotent stem cells to model cystinosis, a rare inherited 

lysosomal storage disease that causes kidney failure before the age of 10 years of age 

(Gahl, Thoene, & Schneider, 2002).  While the gene responsible for cystinosis (CTNS), 

encoding an exporter of cystine from the lysosome (Cystinosin), was identified in 1998 

(Town et al., 1998), its contribution toward the progression of kidney damage has 

remained elusive.  No models have been developed that recapitulate all of the clinical 

cystinotic phenotypes and a better human-based model of the disease is urgently needed.  

The discovery that somatic cells can be induced to become pluripotent, the capacity to 

generate all of the cell linages of the body, by molecular ‘reprogramming’ has provided 

new ways to model human diseases in vitro. The goals of this thesis are to characterise 

induced pluripotent stem (iPS) cells derived from a cystinosis patient, develop methods to 

differentiate these cells into kidney tissue, and use these cell sources to better understand 

the pathogenesis of kidney failure in cystinosis.  Ultimately this knowledge may lead to 

development of alternative treatments for cystinosis and provide new insights into 

lysosomal function. 

1.1.!Overview(of(kidney(structure(and(function(

The kidney is an early target of dysfunction during the pathogenesis of cystinosis.  Kidneys 

are bilateral organs responsible for eliminating metabolic waste from the body.  They are 

involved in maintaining fluid homeostasis within the body by regulating pH, water and salt 

balance.  The nephron is the functional unit of the kidney and is comprised of a blood filter 

called the renal corpuscle, a proximal tubule (PT) segment, the Loop of Henle, and distal 

tubule segments (Figure 1-1).  The human kidney consists of approximately a million 

nephrons, although the number varies among individuals, which drain into the collecting 

ducts and ultimately the bladder (Bertram, Douglas-Denton, Diouf, Hughson, & Hoy, 

2011). The kidney is grossly organised into an outer cortex (consisting of glomeruli, PTs, 

distal tubules and portions of the collecting ducts) and an inner medulla (consisting of the 

Loops of Henle and medullary collecting ducts), which is important for generating an 

osmotic gradient that drives water extraction (Tanner, 2012) (Figure 1-1).  
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Urine production begins with the ultrafiltration of the plasma by the renal corpuscle, which 

is composed of capillary tuft enveloped by podocyte cells, inside Bowman’s capsule. The 

blood filtration barrier is made up of three key layers.  The first is a fenestrated 

endothelium, which allows solutes but not cells to leave the vasculature.  The second layer, 

lying between the endothelial cells and the podocytes, is the glomerular basement 

membrane, a thick feltwork of cross-linked collagens and negatively charged proteins.  The 

podocytes surrounding the capillaries make up the third layer and form extensive 

interdigitations (foot processes) that are linked together by a ‘zipper’-like arrangement of 

transmembrane proteins.  This protein bridge, known as the slit diaphragm includes 

proteins such as Nephrin (encoded by the NPHS1 gene) (Bariety, Mandet, Hill, & 

Bruneval, 2006; Quaggin & Kreidberg, 2008). Within the core of the glomerular capillary 

tuft are mesangial cells, smooth-muscle like cells, which provide a source of mechanical 

support (Schell, Wanner, & Huber, 2014).  

The glomerular filtrate first passes into the PT where the majority (~66%) of the volume is 

reabsorbed, including water, sodium, glucose, amino acids, and small proteins (reviewed in 

detail in Chapter 4).  Mediating much of this reabsorption is a multitude of specific solute 

transporters such as the glucose transporters (GLUTs), amino acid transporters (B0,+AT, 

SLC7A5, SLC1A5, System xc
-), organic anion transporters (OATs, URAT1), organic 

Figure 1-1 Schematic of kidney structure 

Schematic representation of the kidney morphology.  Kidney is divided into the outer cortex consisting of 
glomerulus, the proximal convoluted and distal convoluted tubule, and the cortical collecting duct.  The 
medulla consists of Loops of Henle and the medullary collecting duct.  The blood is filtered through the 
glomerulus, into the proximal tubule where majority of the metabolites, amino acids, proteins, salts and 
water are reabsorbed from the urine.  The concentrated urine then exits through the ureter. 
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cation transporters (OCT, OCTN) and many others (Bridges, Natale, & Patel, 2012; 

Fernandez et al., 2002; Pelis & Wright, 2014).  PT cells are also highly endocytotic and 

take in molecules from the filtrate by receptor-mediated endocytosis as well as pinocytosis.  

Megalin/LRP2 is a key endocytic receptor in PT cells that is responsible for internalising 

various nutrients and molecules such as hormones and low molecular weight proteins 

(Marzolo & Farfan, 2011). To increase the apical surface area, and thereby increase bulk 

reabsorptive capacity, the PT cell forms a dense layer of microvilli, known as the brush 

border (Zhuo & Li, 2013).  

As the urine passes through the Loop of Henle and the distal tubule it is diluted as NaCl is 

reabsorbed (Figure 1-2) (Sands & Layton, 2009).  The Loop of Henle includes the thick 

ascending limb segment, marked by the NKCC2 transporter (SLC12A1) and Uromodulin 

(UMOD) (Renigunta et al., 2011; Zacchia & Capasso, 2015), while the distal convoluted 

tubule segment is marked by NCC (SLC12A3) (Renigunta et al., 2011).  The collecting 

duct is responsible for the final concentration of the urine and expresses the water channel 

genes AQP2 and AQP3, as well as the transcription factor gene GATA3 during embryonic 

development (Devuyst et al., 1996; Grote, Souabni, Busslinger, & Bouchard, 2006).  

 

 
Figure 1-2 Nephron 
segmentation 

Schematic showing segments of 
the nephron and key markers 
expressed in each segment.  
BC, Bowman’s capsule; PCT, 
proximal convoluted tubule; 
LH, loop of Henle; TAL, thick 
ascending limb; DCT, distal 
convoluted tubule; CD, 
collecting duct; BL, bladder.  
Figure modified from 
(Musante, Tataruch, & 
Holthofer, 2014). 
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1.2.!Overview(of(kidney(development(

In amniotes (mammals, birds and reptiles) the embryonic formation of the kidney is 

characterised by the formation of three successive kidney types; the pronephros, the 

mesonephros and the metanephros being the final adult stage (Davidson, 2008; Little & 

McMahon, 2012; Mochizuki et al., 2005) (Figure 1-3A). All of these kidney types arise 

from the intermediate mesoderm or from more differentiated derivatives. In mammals, 

kidney development begins with the anterior portion of the intermediate mesoderm giving 

rise to the nephric duct, which then extends caudally towards the cloaca (James, Kamei, 

Wang, Jiang, & Schultheiss, 2006; Little & McMahon, 2012; Mugford, Sipila, McMahon, 

& McMahon, 2008; Sharma, Sanchez-Ferras, & Bouchard, 2015). Once the nephric duct 

has reached the level of the hindlimb, it forms a protrusion called the ureteric bud that 

grows into the neighbouring metanephric mesenchyme and then undergoes sequential 

rounds of branching (Bouchard, Souabni, Mandler, Neubüser, & Busslinger, 2002; Cho et 

al., 1998; Cullen-McEwen, Drago, & Bertram, 2001; Goto et al., 1998; Lokmane, Heliot, 

Garcia-Villalba, Fabre, & Cereghini, 2010; Massa et al., 2013). Ultimately, the ureteric 

tree that forms from this branching will comprise the collecting duct system of the kidney.   

Initially, the ureteric bud induces the metanephric mesenchyme to condense around the 

ureteric tip, forming the ‘cap mesenchyme’, which comprises a transient population of self-

renewing nephron progenitors.  These cells express a number of renal transcription factors 

including Pax2, Wt1, and Six2 (Kobayashi et al., 2008; Mugford et al., 2008; Narlis, 2007; 

Park et al., 2012). During branching morphogenesis, cap mesenchyme cells proliferate and 

stay in close contact with the ureteric bud tips.  At the same time, some cells move beneath 

the ureteric tips and commit to nephrogenesis in response to canonical Wnt signalling 

provided from Wnt9b being secreted from the ureteric tip (Carroll, Park, Hayashi, 

Majumdar, & McMahon, 2005; Itaranta et al., 2002; Karner et al., 2011; Merkel, Karner, & 

Carroll, 2007; Stark, Vainio, Vassileva, & McMahon, 1994). Nephron formation is 

stereotypical and involves the formation of a ‘pretubular aggregate’ followed by ‘renal 

vesicle’, ‘comma-shaped’ and ‘S-shaped’ bodies stages (Figure 1-3B).  Wnt9b induces the 

expression of Wnt4 in pretubular aggregates and is required for the epithelialisation of the 

pretubular aggregate into a renal vesicle (Carroll et al., 2005).  Bone morphogenetic 

proteins (BMPs) also play a prominent multi-factorial role in nephrogenesis with BMP7, 

expressed in the cap mesenchyme and ureteric bud, being a survival factor for cap cells as 

well as inducing Wnt4 and Pax2 expression in the pretubular aggregate (Dudley, Lyons, & 
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Robertson, 1995; Zeisberg, Shah, & Kalluri, 2005).  BMP4 is another important regulator 

during nephrogenesis that is expressed in the stroma surrounding the nephric duct and 

inhibits ectopic ureteric bud outgrowths (Miyazaki, Oshima, Fogo, Hogan, & Ichikawa, 

2000). In the adult, BMP2 expression is abundantly produced by the PT and although its 

function is not well understood, it appears to interact with the Notch pathway (Larman, 

Karolak, Lindner, & Oxburgh, 2012). 

At the comma-shaped body stage, the nascent nephron fuses with the adjacent ureteric bud-

derived collecting tree.  Continued growth and morphogenesis of the nephron occurs, 

resulting in a renal corpuscle (with WT1 expressing podocytes) and PT forming at one end, 

the Loop of Henle forming in the middle, and the distal tubule segments forming at the end 

fused to the collecting duct tree.  How the nascent nephron is patterned into different fates 

remains poorly understood.  However, Notch signaling appears essential for inducing PT 

cells and Wnt signaling plays yet another role in the formation of more distal nephron fates 

(Lindstrom et al., 2015). (Note: proteins mentioned in sections 1.1 and 1.2 will be 

discussed in subsequent chapters and used in characterisation experiments.) 
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1.3.!Cystinosis(

Cystinosis is an inherited autosomal recessive, lysosomal storage disease first described by 

Emil Abderhalden in 1903 (Abderhalden, 1903).  It leads to an accumulation of the amino 

acid cystine (a dimer of cysteine) in lysosomes.  Although lysosomes are found in all cells, 

where they serve as a source of hydrolytic enzymes for the endocytic and autophagy 

pathways (reviewed in more depth in Section 1.3.6), the main organ affected by cystinosis 

is the kidney. From approximately 4 months of age, infants exhibit growth retardation and 

A 

B 

Figure 1-3  Overview of kidney development 

A) Schematic of mouse kidney development.  At embryonic day (E)8.5 nephric duct 
(blue) elongates caudally down the nephrogenic cord (yellow).  At E9 induction of 
mesonephric tubules takes place, at the rostral end the nephric duct cells undergo 
apoptosis.  At E10.5 ureteric bud starts to invade the metanephric mesenchyme (red) and 
starts to branch by E11.5. Figure from Davidson, (2008).  B) Schematic representation of 
nephron formation. Cells from the cap mesenchyme (blue) undergo mesenchymal-to-
epithelial transition to form a pre-tubular aggregate (PA).  As the PA differentiates it 
forms a lumen and forms the renal vesicle (RV), further forming comma-shaped body 
(CSB) and S-shaped body (SSB) (Davidson, 2008). 
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extensive loss of water that can lead to dehydration and fevers (Schneider & Schulman, 

1977). Patients present with Fanconi syndrome, as it was first described by Guido Fanconi 

in 1931 (Fanconi, 1931).  Fanconi syndrome is characterised by excessive loss of water, 

metabolites, amino acids, glucose, phosphate, low molecular weight proteins and organic 

acid in the urine that are normally reabsorbed by the PT cells in the kidney (de Toni, 1933; 

Debré, Marie, & et Messimy, 1934; Dent, 1947; Fanconi, 1931). In 1964, accumulation of 

cystine crystals in lysosomes was confirmed by electron microscopy and was speculated to 

be the cause of lysosomal dysfunction (Patrick & Lake, 1968). Diagnosis is confirmed by 

the presence of abnormally high cystine levels in the circulating leukocytes, where it can 

be up to 100 times higher than unaffected individuals (de Graaf-Hess, Trijbels, & Blom, 

1999; Gahl et al., 1987).  

1.3.1.!Disease(severity(

Cystinosis patients are categorised into infantile, juvenile and ocular onset (Kalatzis & 

Antignac, 2002). Infantile cystinosis is the most severe form and leads to Fanconi 

syndrome.  Infants can lose up to 6 litres of water a day, causing severe dehydration and 

sometimes death (Gahl et al., 2002).  In addition to Fanconi syndrome, affected children 

also exhibit severe growth retardation, failure to thrive, development of rickets and 

hypothyroidism (Schneider & Schulman, 1977).  Renal failure develops before the age of 

10 as a consequence of PT cell loss in the kidney, a clinical characteristic known as the 

“swan-neck” deformity (Clay, Darmady, & Hawkins, 1953) (blue arrow in Figure 1-4C, 

D). Signs of glomerular disease are also present at an early age with high-molecular-weight 

proteinuria (Ivanova et al., 2016b). Later, patients can develop photophobia and cystine 

crystals in the conjunctiva and cornea of the eye, retinal disruptions and pigment changes 

(Schneider & Schulman, 1977; Shams, Livingstone, Oladiwura, & Ramaesh, 2014). Other 

complications associated with infantile cystinosis include reduced sweating, salivating and 

tearing (Gahl et al., 2002).  By contrast, juvenile or intermediate forms of cystinosis have a 

later onset of symptoms, which usually take place during adolescence.  The severity of the 

disease is milder than infantile cystinosis and is associated with a slower decline in renal 

function. However, patients with juvenile/intermediate cystinosis are still prone to ocular 

dysfunction due to the formation of corneal crystals (Schneider & Schulman, 1977; M. 

Wilmer, Emma, & Levtchenko, 2010) (Figure 1-4B). The least severe form of cystinosis is 

ocular onset, which presents during adulthood and only affects the eyes, where cysteine 
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crystals are deposited in the cornea (Anikster et al., 2000; M. Wilmer et al., 2010) (Figure 

1-4B).  

1.3.2.!Cystinosin(transporter(and(its(implication(in(the(progression(of(
cystinosis(

It was previously believed that amino acid transport out of the lysosomes was mediated via 

passive diffusion.  However, in the 1980s it was shown that lysosomal efflux of certain 

amino acids occurs by facilitated diffusion through distinct lysosomal membrane 

transporters (Pisoni, Thoene, & Christensen, 1985).  Steinherz and Jonas were the first to 

demonstrate that cystine efflux was defective in lysosomes of cystinotic leukocytes and 

fibroblasts (Jonas, Greene, Smith, & Schneider, 1982; Steinherz et al., 1982). Subsequent 

studies showed that a defective lysosomal membrane transporter was responsible for efflux 

of cystine out of the lysosome (Gahl et al., 1983; Jonas, Smith, & Schneider, 1982). The 

CYSTINOSIN (CTNS) gene encoding the responsible transporter was later identified by 

positional cloning and encodes a 7-transmembrane protein that localises to the lysosomal 

membrane (Town et al., 1998).  Strategic deletion of specific lysosomal sorting motifs 

directed Cystinosin to the plasma membrane making it possible to show that it is a 

symporter specific for exporting cystine out of the lysosome coupled to H+ (Cherqui, 

Kalatzis, Trugnan, & Antignac, 2001; Kalatzis, Cherqui, Antignac, & Gasnier, 2001) 

(Figure 1-4A). Many pathogenic mutations in CTNS have been identified with the most 

common being a 57kb deletion that encompasses 10 of the 12 CTNS exons (Forestier et al., 

1999).  However, no clear correlation was observed between the mutation and the severity 

of the disease, suggesting multiple contributing factors may be involved in the progression 

of cystinosis (Forestier et al., 1999; Town et al., 1998).  A lack of Cystinosin transport 

activity leads to the accumulation of cystine in the lysosomes of most tissues and this is 

believed to perturb normal cellular function and be responsible for the renal and ocular 

pathology (Katz, Melles, Schneider, & Rao, 1989; Shams et al., 2014) (Figure 1-4B). More 

recently, a physical link has been made between Cystinosin and the mTOR pathway, a 

major regulator of cell metabolism (reviewed in more detail in Section 1.3.7), raising the 

possibility that some of the cystinotic phenotype is caused by mTOR signalling defects 

unrelated to Cystinosin transport function (Andrzejewska et al., 2015).(

( 
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1.3.3.!Characteristics(in(CTNSE(deficient(cells(

As mentioned, Fanconi syndrome is characterised by loss of low molecular weight proteins 

and albumin in urine among other molecules. Under normal conditions, low molecular 

weight proteins are taken up by the PT cells through the multiligand receptors present on 

the brush border such as Megalin/LRP2 and cubilin/amnionless (Nielsen, Christensen, & 

Birn, 2016).  The low molecular weight proteins are then transported by endosomes into 

the lysosomes for degradation.  Loss of low molecular weight proteins in urine is 

hypothesised to be caused by loss of endocytic (see Section 1.3.6.1) capacity of PT cells in 

the kidney. Examination of cystinotic patient’s renal tissue after nephrectomy indicates that 

the level of Megalin/LRP2 and cubilin expression is not impaired. However, PT cells 

exhibited accumulation of intracellular vesicles containing ligands for the receptors, 

A B 

C 

Figure(1E4(Characteristics(of(cystinosis(

A) Schematic diagram of Cystinosin on the lysosome membrane and the V-ATPase 
responsible for H+ transport.  B) Retroillumination showing presence of small, 
opaque punctate cystine crystals (red arrow) within the cornea of the eye.  Image 
adapted from Shams et al., (2014) C) Swan-neck lesion of a dissected nephron, 
showing shrinkage and loss of PT cells (blue arrow) in contrast to D) a healthy 
dissected nephron (Darmady & Stranack, 1957) by permission of Oxford University 
Press. 

!
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suggesting a potential block in the endocytic pathway or a reduction in lysosomal activity 

(M. J. Wilmer, 2008).  Detail examination of disease progression in human patients is not 

possible.  Thus, to better understand how pathways such as endocytosis are involved in 

cystinosis, a Ctns knock-out mouse model was developed (see Section 1.3.5).  The Ctns-/- 

mouse accumulates cystine crystals, develops Fanconi syndrome and renal failure similar 

to what is seen in human patients.  In the Ctns-/- mouse kidneys, at the onset on PT 

dysfunction (~6 months), lower expression level of Megalin/LRP2 and cubilin was found, 

larger and perinuclear lysosomes, and when the PT cells were cultured they exhibited a 

reduction in the uptake of albumin from the medium by up to 70% (Raggi et al., 2014).  

Progressive loss of Megalin/LRP2 and cubilin was also shown by Gaide Chevronnay et al., 

(2015) in the Ctns-/- mouse and cystinosis patients. However, great amount of 

heterogeneity between human and mouse samples was observed, suggesting that genetic 

background may play a role in the development of the disease. Additionally, in the mouse 

it was found that PT cells accumulated very large LAMP-1 positive lysosomes.  The 

enlarged lysosomes became deformed by the cystine crystals, and were eventually 

excluded from the endocytic pathway (Gaide Chevronnay et al., 2014). Experiments using 

fluorescence recovery after photo-bleaching of Magic Red (indicating lysosomal 

cathepsin-B activity) revealed that primary Ctns-/- mouse PT cells had a delayed 

fluorescence recovery time in comparison to control cells (Raggi et al., 2014).  These 

experiments indicate that the enzyme activity within the lysosomes was reduced in 

cystinotic cells possibly affecting degradative capacity.  Ivanova et al., (2015) also showed 

a reduction in Megalin/LRP2 expression in the CTNS conditionally immortalised urine-

derived PT cells from cystinosis patients, and abnormal clustering of endosomes and 

lysosomes in the perinuclear region, also supporting the notion of that cystinotic cells 

exhibit defects in the endocytic pathway.  Furthermore, they showed a delay in the 

processing of endocytic content in the lysosomes, by retention of fluorescent bovine serum 

albumin (BSA) in the vesicles when compared to control cells (Ivanova et al., 2015), 

providing further evidence that cystinotic cells may have defects in the endocytic pathway 

and reduced degradative capacity. 

More recently, autophagy (the ‘self-eating’/recycling of nutrients within the cell; see 

Section 1.3.6.2) has become a focus in cystinosis research (Figure 1-5). Sansanwal et al., 

(2010) examined levels of autophagy in primary urine-derived PT cells and skin fibroblasts 

isolated from nephropathic cystinosis patients.  They found that cystinotic cells had 
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increased levels of LC3-II marker and beclin-1 (both label autophagosomes) by western 

blot analysis and an increase in LC3+ puncta by immunofluorescence analysis indicating an 

increase in macroautophagy.  Additionally, electron microscopy also revealed presence of 

prominent autophagosomes in the cystinotic fibroblasts (Sansanwal et al., 2010).  

Napolitano et al., (2015) also showed an increase in LC3-II levels and numbers of positive 

puncta in vitro in Ctns-/- mouse neonatal fibroblasts, and in vivo by crossing Ctns-/- mouse 

with GFP-LC3 transgenic mouse.  However, their results did not show any defects in the 

autophagosome maturation, fusion with the lysosome or impairment in degradation.  They 

found defects in chaperone-mediated autophagy based on lower levels and mislocalisation 

of LAMP-2A (a marker involved in chaperone-mediated autophagy) expression.  The 

mislocalisation of LAMP-2A was only restored upon transduction of CTNS in cystinotic 

fibroblasts, indicating that CTNS may also have other regulatory functions within the cells 

(Napolitano et al., 2015).   

Cystinotic cells also show a number of other cellular defects.  Levtchenko et al., (2005) 

and Wilmer et al., (2005) found that human fibroblasts and immortalised urine-derived PT 

cells display an increased ratio of oxidised glutathione (GSSG) to reduced glutathione 

(GSH).  The GSH/GSSG couple is a major antioxidant redox pair in the cell that is 

responsible for counteracting reactive oxygen species (ROS) and maintaining a reduced 

environment (Anderson, 1998; Bannai, 1984b).  Higher levels of GSSG suggest that 

cystinotic cells are under oxidative stress.  

Abnormal mitochondria may be one source of ROS in cystinotic cells, as they appear 

swollen and dilated in Ctns-/- mouse cells and fragmented and rounded in human cystinotic 

fibroblasts and primary PT cells (Cherqui et al., 2002; Sansanwal, Li, Hsieh, & Sarwal, 

2010; Sansanwal et al., 2010).  Alterations to mitochondrial function may also be the cause 

of lower ATP levels found in some, but not all, cystinotic cells (Laube et al., 2006; E. 

Levtchenko et al., 2006; Sansanwal et al., 2010; M. Wilmer et al., 2005; M. Wilmer et al., 

2011).  

1.3.4.!Treatment(of(cystinosis(

Limited treatment options are available to cystinotic patients and early diagnosis is 

imperative to prevent the development of kidney failure.  To alleviate the symptoms of the 

condition, Schneider was the first to use an aminothiol called cysteamine to treat a patient 

with nephropathic cystinosis (Thoene, Oshima, Crawhall, Olson, & Schneider, 1976). 
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Cysteamine effectively depletes the accumulation of lysosomal cystine by breaking down 

cystine into a mixed disulphide and cysteine, which can then exit out of the lysosome 

through the cationic amino acid PQLC2 transporter (Jézégou et al., 2012). Gahl et al., 

(1992) later showed that children who underwent therapy with cysteamine within the first 

5 years had a better prognosis and improved renal function when compared to children 

who started therapy later or showed lower compliance, suggesting that early intervention 

and a strict regimen are necessary for effective treatment (Markello, Bernardini, & Gahl, 

1993). Cysteamine (Cystagon®) is currently the mainstream therapy for treating cystinosis 

(Gahl et al., 1987).  However, therapeutic non-compliance remains one of the biggest 

challenges in cystinosis treatment.  Significant side-effects (such as nausea, vomiting and 

in some rare cases seizures), rigorous treatment regimen (6-hourly administration) and the 

unpleasant taste and odour of cysteamine, which permeates through the body, are some of 

the reasons for low compliance (Besouw et al., 2011; Gahl et al., 1987; E. N. Levtchenko 

et al., 2006; Markello et al., 1993).  A new enteric-coated, slow-release capsule is now 

available, which allows for a 12 hourly regimen with the hope of making it easier to 

maintain treatment (Dohil et al., 2010; Langman et al., 2012). For treatment of corneal 

crystals, cysteamine containing eye drops need to be administered every waking hour.  A 

new longer lasting gel formula has been developed to enable fewer administrations during 

the day and can be kept at room temperature making it more convenient for the patient 

(Kaiser-Kupfer, Fujikawa, Kuwabara, Jain, & Gahl, 1987; Labbe et al., 2014). Other 

supportive treatments involve administration of fluids rich in sodium and potassium to 

replace those lost in urine, as well as supplements to address mineral deficiencies (Gahl et 

al., 2002).  In the event of renal failure, the only option is kidney transplant or dialysis and 

as such there is an urgent need for more effective treatment options. 

1.3.5.!Experimental(models(of(cystinosis(

A number of cell-based and murine models have been developed to study cystinosis.  The 

Ctns-/- mouse model on a mixed genetic background (a cross between 129Sv and 

C57BL/6) did not recapitulate the PT phenotype seen in human patients, even though the 

tissues accumulated cystine and the PT cells showed presence of crystal formation 

(Cherqui et al., 2002). However, the mice exhibited similar eye defects with presence of 

corneal cystine crystals, and bone demineralisation defects as seen in cystinosis patients. 

Overall cystine crystal accumulation was less severe than that seen in human patients 
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(Cherqui et al., 2002; Kalatzis et al., 2007).  PT defect similar to the clinical setting was 

only observed in the C57BL/6 pure line, suggesting the genetic background may have a 

significant effect in manifestation of the disease (Napolitano et al., 2015; Nevo et al., 2010; 

Raggi et al., 2014).  The mice developed Fanconi syndrome and tubulopathy of the PT 

with polyuria, loss of low molecular weight proteins, glucose, phosphate and potassium, 

similar to what is seen in cystinosis patients (Gaide Chevronnay et al., 2014; Nevo et al., 

2010).  However, the point of difference was lack of amino acid, bicarbonate and sodium 

loss (Nevo et al., 2010).  Furthermore, differences in the onset of swan-neck lesion are 

present between the mouse model and human patients.  Fanconi syndrome appears early in 

mice at approximately 3 months of age, with the loss of multiligand receptors and PT cell 

dedifferentiation prior to the development of swan-neck lesion, whereas in human patients, 

Fanconi syndrome is usually associated with PT cell atrophy and swan-neck lesion (Gaide 

Chevronnay et al., 2014; Mahoney & Striker, 2000; Raggi et al., 2014).  Additionally, the 

PT cells in mice exhibit cystine crystal discharge and cell shedding by apoptosis, also not 

observed in human patients (Gaide Chevronnay et al., 2014).  

Studies have also shown variation in phenotypes when using immortalised and primary 

human cell lines such as fibroblasts, and urine-derived PT epithelial cells (mentioned in 

above Section 1.3.3, summary table 1-1).  All these cell lines have their advantages and 

limitations (discussed further in Chapter 3 and 4).  To better understand the pathways 

affected in cystinosis, better models and cell lines are needed.  Induced pluripotent stem 

(iPS) cells could serve as a promising alternative.  The advantage of using iPS cells is that 

they can be differentiated into various tissues, providing an unlimited and renewable 

source of cells. They can be differentiated into mature cell types and as a result provide a 

cell source more similar to the native tissue. Thus, cystinosis could be studied in an in vitro 

model of PT cells providing a reliable differentiation protocol is developed. 

Table 1-1  Summary of published models to study cystinosis, and the attained results.   

Study Mouse Models Results 
Cherqui et al., 2002 CTNS-/- mouse (mixed genetic 

background) 
Cystine crystals, cystine accumulation, 
ocular and bone defects,  
No renal failure or tubulopathy 

Kalatzis et al., 2007 CTNS-/- mouse (mixed genetic 
background) 

Elevated cystine, cystine crystals, corneal 
crystals 

Nevo et al., 2010 C57BL/6 CTNS-/- mouse Elevated cystine, PT dysfunction and 
renal failure 

Johnson et al., 2013 C57BL/6 CTNS-/- mouse, neonatal 
skin fibroblasts 

Lower Rab27a expression, restricted 
movement of acidic vesicles, increase in 
ER stress 
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Raggi et al., 2014 C57BL/6 CTNS-/- mouse Decrease in multiligand receptors in PT 
cells, enlarged and perinuclear lysosomes, 
elevated cystine 

Napolitano et al., 2015 C57BL/6 CTNS-/- mouse, neonatal 
skin fibroblasts 

Elevated cystine, greater number of 
autophagosomes but autophagy flux 
normal, defective chaperone-mediated 
autophagy, mTOR activity unaffected, 
downregulated + mislocalised LAMP-2a, 
increased susceptibility to ROS 

Study Cell Models Results 
Chol et al., 2004 Immortalised (SV40T) skin 

fibroblasts from cystinotic patients 
Cystine accumulation, reduced total GSH 

Wilmer et al., 2005 Immortalised (HPV) urine-derived 
PT cells from cystinotic patients 

Cystine accumulation, increase in GSSG, 
lower GSH, no difference in ATP 

Levtchenko et al., 2005 Skin fibroblasts and 
polymorphonuclear leukocytes from 
cystinotic patients 

Cystine accumulation, increase in GSSG  

Laube et al., 2006 Urine-derived PT cells from 
cystinotic patients 

Lower GSH, no difference in ATP, 
increase in apoptosis 

Levtchenko et al., 2006 Skin fibroblasts and 
polymorphonuclear leukocytes from 
cystinotic patients 

Elevated cystine, lower ATP, no 
mitochondrial energy defects 

Vitvitsky et al., 2010 Skin fibroblasts from cystinotic 
patients 

Elevated cystine, no difference in 
cysteine, GSH or GSSG 

Bellomo et al., 2010 HK-2 cell line, siRNA knock-down 
of CTNS 

Elevated cystine and cysteine, decreased 
GSH and GSSG 

Sansanwal et al., 2010 Primary fibroblasts, and urine-
derived PT cells from cystinotic 
patients 

Abnormal and fewer mitochondria, 
mitophagy, higher numbers of 
autophagosomes, elevated LC3, increased 
apoptosis, decrease in ATP, higher ROS 

Wilmer et al., 2011 Conditionally immortalised 
(SV40T) urine-derived PT cells 
from cystinotic patients 

Elevated cystine and cysteine, elevated 
GSSG, decreased ATP, elevated ROS 
only with high H2O2 stimulation 

Sansanwal et al., 2012 Urine-derived PT cells from 
cystinotic patients 

Elevated p62 and LC3 – suggesting block 
in autophagy flux 

Ivanova et al., 2015 Conditionally immortalised urine-
derived PT cells, HK-2, siRNA 
knock-down of CTNS 

Disorganised endo-lysosomal 
compartments, perinuclear endocytic 
vesicles, delayed cargo processing, lower 
Megalin/LRP2 expression  

Andrzejewska et al., 
2015 

C57BL/6 CTNS-/- mouse PT cell 
line, conditionally immortalised 
(SV40T) 

Delay in mTORC1 reactivation upon 
nutrient replenishment, CTNS binding to 
V-ATPase components 

Ivanova et al., 2016 Conditionally immortalised 
(SV40T) urine-derived PT cells 
from cystinotic patients 

Delayed mTORC1 activation upon 
nutrient replenishment, and retention on 
late endosome/lysosome compartment 
 

Rega et al., 2016 Conditionally immortalised 
(SV40T) urine-derived PT cells 
from cystinotic patients 

Lower and nuclear TFEB expression, 
TFEB stimulation leads to lower cystine, 
and lysosome size and number 

 

1.3.6.!The(autophagic(and(endocytic(pathways(

The lysosome, with its complement of hydrolytic enzymes, plays a central role in 

degrading material within the cell.  Two major pathways that depend on the lysosome are 
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the endocytic pathway, in which material is taken into the cell via endocytosis, and the 

autophagic pathways, where intracellular constituents of the cell are recycled.  As such, an 

understanding of how these pathways operate is critical to interpreting the cellular 

phenotype of cystinosis.  

1.3.6.1.!(Endocytic(pathway(

Endocytosis involves the taking up of fluid, macromolecules, particles from the 

extracellular environment and plasma membrane. This process occurs through invagination 

of the plasma membrane and formation of vesicles, called endosomes, which carry the 

cargo into the cell for further processing (Conner & Schmid, 2003). Cargos are internalised 

into early endosomes in the periphery of the cell and are decorated by the Rab5 GTPase, a 

class of membrane–associated regulatory proteins that are involved in directing vesicle 

trafficking (McLauchlan et al., 1998; Zerial & McBride, 2001). Of the cargos internalised, 

receptors are recycled back to the plasma membrane via early endosomes.  A relatively 

small fraction of internalised cargos will get diverted to late endosomes (associated with a 

loss of Rab5 and the acquisition of Rab7) where they can be sorted to the lysosome for 

degradation (Luzio, Parkinson, Gray, & Bright, 2009; Rink, Ghigo, Kalaidzidis, & Zerial, 

2005).  Late endosomes are also known as multivesicular bodies as most contain 

intralumenal vesicles, formed by inward vesiculation of their outer membrane, containing 

different cargos for sorting (Jones et al., 2012). In addition to sorting cargo for degradation, 

late endosomes transport new lysosomal hydrolytic enzymes and membrane proteins (such 

as LAMP-1 and LAMP-2) to lysosomes to maintain their functionality.  As a result, many 

lysosomal markers are also found on late endosomes, making it difficult to distinguish 

these compartments by immunostaining/immunofluorescence.  The late endosome can both 

fuse with the lysosome or autophagosome to form an endolysosome or an amphisome, 

respectively (Luzio, Pryor, & Bright, 2007; Saftig & Klumperman, 2009) (Figure 1-5).  

1.3.6.2.!The(Autophagy(pathways(

Autophagy is the cellular process of “self-eating” whereby a cell digests and recycles the 

unnecessary or dysfunctional components and organelles. Autophagy occurs at a basal 

level under normal physiological conditions but it can also be induced when the cell is 

under stress such as during nutrient starvation (Mizushima, Yoshimori, & Levine, 2010). 

There are three forms of autophagy in mammalian cells, microautophagy, macroautophagy 

and chaperone-mediated autophagy (Mizushima et al., 2010; Settembre & Ballabio, 2011).  
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Microautophagy involves the uptake of cytoplasmic contents directly into the lysosomal 

lumen whereas in macroautophagy, the contents destined for degradation are enclosed by a 

double membrane (phagophore) and form an autophagosome.  Macroautophagy is a 

complex process consisting of ubiquitinated cargo that is recognised by the phagophore 

membrane-bound microtubule-associated light chain 3 (LC3-II) protein. LC3-II physically 

links the cargo to the membrane, which is then engulfed in the phagophore.  The cargo is 

delivered to the lysosome by fusion of the autophagosome with the lysosome forming an 

autolysosome, where the cargo is then degraded (Mancias & Kimmelman, 2016). The 

autolysosome contains the proteolytic enzymes necessary to degrade the contents, which 

are then released back into the cell (Feng, He, Yao, & Klionsky, 2014; Ward et al., 2016).  

Autophagosomes can also fuse with the late endosome to form an amphisome, which can 

also fuse with the lysosome to form an autolysosome (Figure 1-5). Chaperone-mediated 

autophagy involves taking up of proteins directly from the cytosol, without a vesicle 

intermediate.  This process is facilitated by chaperones such as heat shock cognate protein 

70 (HSP70), which binds to the isoform LAMP-2A and facilitates the unfolding and 

translocation of the protein into the lysosomal lumen (Huber & Teis, 2016; Huber & Teis, 

2016; Kaushik & Cuervo, 2012) (Figure 1-5).  Autophagy is tightly regulated by a gene 

network that is controlled by the master transcriptional regulator TFEB.  Upon nutrient 

starvation, TFEB is translocated into the nucleus where it promotes the expression of genes 

associated with lysosome biogenesis, lysosome fusion and phagophore formation 

(Puertollano, 2014; Settembre et al., 2012) (Figure 1-6).   
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1.3.6.3.!Lysosome(reformation(

At the end of the degradation process, the membrane and the remaining transmembrane 

proteins in the hybrid organelle (endolysosome or autolysosome) need to be recycled.  

Lysosomal membrane proteins carry sorting signals on the cytosolic tails recognised by AP 

proteins which mediate sorting (Braulke & Bonifacino, 2009; Chen & Yu, 2013). The 

process of recycling involves formation of a proto-lysosome by LAMP-1+ tubular structure 

protruding out of the hybrid vesicle and budding off.  Initially the proto-lysosome is empty 

of contents and hydrolytic enzymes (Braulke & Bonifacino, 2009; X. Li et al., 2016; Wan 

Figure 1-5 Schematic representation of endocytic and autophagic pathways 

Schematic diagram showing vesicles of the endocytic and autophagic pathways.  Both pathways 
involve fusion with lysosomes to degrade its contents. Endosome and lysosome fusion forms an 
endolysosome.  Autophagosome fusion with the lysosome forms an autolysosome. Endolysosomes, 
autolysosomes and amphisomes can also fuse with each other to form an autolysosome. Chaperone-
mediated autophagy involves the uptake of targeted proteins via HSP-70 and LAMP-2A on the 
lysosomal membrane. 
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et al., 2010). It is not clear how the proto-lysosome matures, however, delivery of enzymes 

and soluble lysosomal proteins is thought to involve transport from the trans-golgi network 

(Braulke & Bonifacino, 2009; Chen & Yu, 2013). The process of lysosome reformation is 

mediated by mechanistic (formally known as mammalian) target of rapamycin complex 1 

(mTORC1) (see Section 1.3.7).  For the reformation process to take place it requires that 

the contents within the hybrid organelle be fully degraded before tubulation can occur 

(Wan et al., 2010).  The lysosome recycling process can be inhibited if lysosomal function 

is impaired, suggesting that this process may be perturbed or delayed in lysosomal storage 

diseases such as cystinosis where the rate of lysosomal degradation is reduced (Raggi et 

al., 2014; Wan et al., 2010). 

1.3.7.!The(mTOR(pathway(

Mechanistic target of rapamycin (mTOR) is a key kinase involved in normal cellular 

processes such as energy control, cell growth and nutrient balance homeostasis. mTOR is 

the catalytic subunit of two functionally distinct complexes; mTORC1 and mTORC2 

(Puertollano, 2014). mTORC1 is involved in regulating nutrient availability through 

protein synthesis, endocytosis, and autophagy (Nicklin et al., 2009; Puertollano, 2014), 

while mTORC2 is involved in cellular growth, apoptosis and glucose metabolism (Betz & 

Hall, 2013; Dai, Christiansen, Nielsen, & Avruch, 2013).   

1.3.7.1.!Regulation(of(the(mTOR(pathway(

Lysosomes play a central role in the ability of mTORC1 to sense nutrient levels in the cell.  

During amino acid (nutrient) rich conditions, mTORC1 is translocated to lysosomal and 

endosomal membranes.  It is activated by Rag proteins, which are recruited by the 

lysosomal membrane-bound Regulator-associated V-ATPase (Sancak et al., 2008; Sancak 

et al., 2010; Zoncu et al., 2011) (Figure 1-6).  Under these conditions, mTORC1 

phosphorylates downstream regulators, such as TFEB, uncoordinated 51-like kinase 1 

(ULK1) and UV radiation resistance-associated gene (UVRAG), which act to inhibit 

autophagy (Y. M. Kim et al., 2015).  Coincident with mTORC1 becoming activated, 

lysosomes and endosomes move to the cellular periphery to bring in more nutrients via the 

endocytic pathway (Korolchuk et al., 2011; Sancak et al., 2008).  Lysosome and late 

endosome positioning within the cell can also influence mTORC1 activation, as inducing 
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localisation to the periphery enhanced mTORC1 activity, and conversely inducing 

clustering at the perinuclear region reduced mTORC1 activity (Korolchuk et al., 2011).    

Under conditions of starvation, the mTORC1 complex dissociates from the lysosomal and 

endosomal membranes and is unable to phosphorylate its downstream effectors.  As a 

consequence, the unphosphorylated TFEB, ULK1, and UVRAG translocate to the nucleus 

to activate transcription of genes involved in autophagy and lysosome biogenesis in order 

to replenish the starved cell (Y. M. Kim et al., 2015).  The mTORC1-free lysosomes move 

to the perinuclear region where they fuse with autophagosomes to degrade the content and 

replenish the nutrient pool within the cell (D. E. Johnson, Ostrowski, Jaumouille, & 

Grinstein, 2016; Korolchuk et al., 2011).  Once the nutrient pool is replenished, it triggers 

activation of mTORC1 and reformation of lysosomes via tubule formation from the hybrid 

organelles (Wan et al., 2010). 

1.3.7.2.!Autophagy(and(the(mTOR(pathway(in(cystinosis(

Both Sansanwal et al., (2010) and Napolitano et al., (2015) showed elevated 

autophagosome formation. Additionally, Sansanwal et al., (2010) saw an increase in 

mitophagy (autophagy of mitochondria) hypothesised to be due to abnormal mitochondria 

morphology (vacuolation) as seen by electron microscopy in cystinotic fibroblasts and 

primary PT cells.  However, Napolitano et al., (2015) did not show any changes in the 

autophagy flux despite higher numbers of autophagosomes, they showed that mouse 

cystinotic cells exhibited defects in chaperone-mediated autophagy. Both studies suggest 

that there may be defects in different aspects of autophagy, and it may be cell dependent. It 

is speculated that the defective autophagy pathway is caused by deregulation of mTORC1 

in cystinotic cells. CTNS has been demonstrated to physically interact with the mTORC1 

partners including V-ATPase on the lysosomal membrane (Andrzejewska et al., 2015). It 

has been demonstrated that loss of function of CTNS leads to a reduction in activity of 

mTORC1 and a delayed reactivation and dissociation of mTORC1 from 

lysosomal/endosomal membrane in both amino acid rich and starved conditions 

respectively, suggesting that CTNS may play a role in maintaining nutrient homeostasis 

(Andrzejewska et al., 2015; Ivanova et al., 2016a).   

Furthermore, TFEB has been reported to be downregulated in conditionally immortalised 

CTNS PT cells and is abnormally localised to the nucleus (Rega et al., 2016). Under 
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normal conditions, active mTORC1 inhibits TFEB, hence lower mTORC1 activity may 

explain the nuclear translocation seen by Rega et al., (2016) (Figure 1-6).  

1.4.!iPS(cells(

The distinguishing feature of stem cells is their ability to self-renew and to differentiate 

into mature cell types (Heng & Ng, 2010). In the embryo, pluripotent stem cells reside in 

the inner cell mass and give rise to all the three embryonic germ cell lineages; the 

ectoderm, the mesoderm and the endoderm and consequently all of the mature cell types in 

Figure 1-6 mTORC1 regulation 

Under amino acid rich conditions mTORC1 is activated and tethered to the lysosomal 
membrane by a complex consisting of V-ATPase, Regulator, and Rag proteins.  mTORC1 
phosphorylates TFEB and as a result inhibits its’ translocation to the nucleus.  Under starvation 
or stress mTORC1 is inactivated and dissociates from the membrane complex.  TFEB is 
dephosphorylated and translocates into the nucleus where it activates genes involved in 
lysosome biogenesis and autophagy activation.  Image adapted from Settembre et al., (2012). 
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the body (G. Keller, 2005; Thomson et al., 1998).  In 1981, embryonic stem (ES) cells 

were isolated and cultured for the first time from murine blastocysts establishing cell 

culture techniques that would later assist in human ES cell culture (Evans & Kaufman, 

1981; Martin, 1981).  In 1998, Thomson and colleagues successfully isolated and cultured 

first human ES cells from blastocysts (Thomson et al., 1998). Thomson’s research has 

helped to provide crucial understanding of the mechanisms of pluripotency and plasticity 

in these cells and tremendous therapeutic potential. However, extraction and culture of 

human ES cells requires viable embryos, which are destroyed in the process thus creating 

ethical and moral concerns. 

It was initially thought that mature somatic cells could not be returned into an earlier, 

pluripotent state.  As stem cells differentiate and become more specialised, they lose their 

pluripotency potential.  The further down the differentiated route, the greater the number of 

steps and energy required to go back to an earlier (progenitor) state (Kanherkar, Bhatia-

Dey, Makarev, & Csoka, 2014; Ladewig, Koch, & Brustle, 2013) (Figure 1-7).  However, 

early work carried out in the frogs (Xenopus laevis) by John Gurdon showed that 

transferring the nuclei of a mature somatic cell into an enucleated egg could generate 

viable tadpoles, suggesting that reprogramming could take place (Campbell, McWhir, 

Ritchie, & Wilmut, 1996; Gurdon, 1962).  This finding later led to successful cloning of 

Dolly the sheep (Campbell et al., 1996; Wilmut, Schnieke, McWhir, Kind, & Campbell, 

1997).  Reprogramming of human somatic cells was first established by fusing ES cells 

with somatic cells. These hybrid cells exhibited similar characteristics to the cultured ES 

cells, forming tight cell clusters, capable of indefinite self renewal and expressed the 

pluripotency markers such as OCT4 (Cowan, Atienza, Melton, & Eggan, 2005). These 

findings supported the notion that somatic cells could be reprogrammed and that ES cells 

contained the critical transcription factors to facilitate this process. In a comprehensive 

analysis of 24 candidate reprogramming factors ectopically expressed in mouse embryonic 

fibroblasts, pluripotent stem cells with properties analogous to ES cells were generated (K. 

Takahashi & Yamanaka, 2006). Further protocol refinement showed that just four 

transcription factors (Oct4, Sox2, Klf4, and c-Myc) are sufficient to induce pluripotency in 

mouse embryonic fibroblasts (K. Takahashi & Yamanaka, 2006). In 2007, human dermal 

fibroblasts were reprogrammed to iPS cells and detailed characterisation of these cells 

showed they exhibit high similarity to ES cells, expressing all the relevant surface markers 

such as SSEA-4, TRA-1-81 and TRA-1-60 and forming teratomas in vivo (K. Takahashi et 
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al., 2007).  Since then, this method has been reliably used to reprogram a variety of human 

somatic cells. Healthy and diseased cells have been reprogrammed to model developmental 

processes, dissect disease pathways and potentially provide sources of autologous 

transplantable cells (Itzhaki et al., 2011; Spence et al., 2011; Yang et al., 2008).  

1.4.1.!Applications(of(iPS(cells(

1.4.1.1.!Techniques(in(differentiating(iPS(cells(

One of the main advantages of iPS cells is their ability to differentiate into mature cell 

types.  The differentiation process can be performed in two-dimensional (2D) monolayer 

and three-dimensional (3D) culture (Bratt-Leal, Carpenedo, & McDevitt, 2009; G. M. 

Keller, 1995).  One of the principal methods of culturing iPS/ES cells is formation of 

embryoid bodies.  Embryoid bodies are formed when iPS/ES cells are dissociated using 

enzymatic technique from monolayer culture and placed into suspension culture in absence 

of pluripotency inducing factors, on low attachment plates (Bratt-Leal et al., 2009).  

Consequently, the iPS/ES cells form round clusters of cells in suspension medium, where 

they spontaneously start to differentiate and form all of the three embryonic germ cell 

Figure 1-7 Representation of Waddington’s epigenetic landscape.   

At the top, the totipotent stem cell represents the absolute stem cell state. As the 
cell differentiates it takes paths down the rolling meadow towards its terminal fate.  
Terminally differentiated cells can be reprogramed to a progenitor state (induced 
pluripotency).  Regeneration involves differentiated cells reverting to a progenitor 
state. Image modified from Kanherkar, Bhatia-Dey, Makarev, & Csoka (2014). 

!



!

! 23!

lineages, forming embryoid bodies (Itskovitz-Eldor et al., 2000; G. M. Keller, 1995; 

Shevde & Mael, 2013). Differentiation of embryoid bodies can be modulated by using 

different growth factors and can give rise to multiple cell lineages.   

Frequently, differentiation protocols mimic the development of tissues as they occur in 

vivo by modulating growth factors in a temporal and dose-dependent manner (Schuldiner, 

Yanuka, Itskovitz-Eldor, Melton, & Benvenisty, 2000; T. Takahashi et al., 2003). 

Differentiation of iPS cells in monolayer culture offers the advantage of easy maintenance 

and manipulation.  However, it offers little physiological relevance as the cells lack the 3D 

dynamics that exist in vivo. Therefore, research has focused on differentiating iPS cells in 

3D culture that more closely resembles developing tissue architecture.  These 3D culture 

methods include the generation of organoids, which are cell aggregates that contain 

multiple cell types and are capable of self-organising (Lancaster & Knoblich, 2014). 

Organoid protocols usually involve the use of embryoid bodies or some form of 

reaggregation step to stimulate self-organisation of the cells.  Artificial scaffolds, extra-

cellular matrix, bioreactors, or membranes can be used in conjunction with small 

molecules and growth factors to facilitate the formation of organoids (Yin et al., 2016).  

1.4.1.2.!Disease(modelling(

Cells from patients with various genetic diseases have been reprogrammed to iPS cells and 

differentiated into the specific mature tissue to study disease progression pathways and 

explore potential treatments in vitro.  For example, iPS cells have been generated from 

patients with other lysosomal storage diseases such as Pompe disease, which is 

characterised by accumulation of glycogen in the lysosomes due to a defective enzyme, 

alpha glucosidase (Raval et al., 2015).  Mature cardiomyocytes differentiated from Pompe-

iPS cells (generated from Pompe disease patients) showed lysosomal accumulation of 

glycogen, conserved autophagy function, and defective protein glycosylation (Raval et al., 

2015).  Other applications can use differentiated tissue from iPS cells to study conditions, 

which do not necessarily have a known genetic component, such as multiple sclerosis (B. 

Song et al., 2012).  Furthermore, the new CRISPR/Cas9 gene editing technology offers the 

ability to generate isogenic iPS cell disease models such as in the example of intestinal 

organoids modelling colorectal cancer with introduced specific gene mutations (Matano et 

al., 2015).  In the most recent reports, two independent studies revealed a mechanism by 

which the Zika virus can infect neural tissue (Dang et al., 2016; Tang et al., 2016).  Tang et 
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al., (2016) infected the differentiated neuronal tissue in a monolayer culture with the Zika 

virus, revealing that it preferentially targets neuronal progenitors leading to deregulation of 

cell cycle and increase in cell death.  Alternatively, Dang et al., (2016) used differentiated 

cerebral organoids to model the infection.  Their results support the notion that the virus 

infects neuronal progenitors (Dang et al., 2016), and highlight the applicability of iPS cells 

to study a wide array of diseases.  The main aim of this thesis is to identify the disease 

pathways caused by cystinosis in CTNS-iPS cells.  To study cystinosis in PT cells, 

development of a protocol to differentiate iPS cells into PT cells is needed.   

1.4.1.3.!Drug(Screening(

Another promising application of iPS cells is the screening of drugs for tissue specific 

toxicity.  New drugs often fail in clinical trials due to unwanted and unanticipated toxicity 

to the kidney and liver (Banerjee, 2014; Jang et al., 2013).  Thus, an advantage of using 

iPS cells is that they allow human tissue to be tested in preclinical tests, thereby 

eliminating unsuitable drugs before they reach clinical trials and potentially saving 

millions of dollars for pharmaceutical companies (Banerjee, 2014).  iPS cells can also be 

used to screen for new drugs. For instance, cardiomyocytes generated from iPS cells 

derived from patients with long QT syndrome, identified a number of potential candidates 

that could be used therapeutically (Matsa et al., 2011).  Similarly, screening of motor 

neurons derived from iPS cells with amyotrophic lateral sclerosis resulted in the 

identification of a compound that partially rescues the accumulation of insoluble protein 

aggregates, a major pathogenic feature of the disease (Egawa et al., 2012). Such reports 

show the usefulness and broad applicability of using iPS cells for assessing effectiveness 

or function of a compound in a more relevant setting, before moving on to animal studies 

or clinical trials. 

1.4.1.4.!Regenerative(medicine((

Tissue and organ regeneration using iPS cells holds great promise. One advantage of iPS 

cells is the ability to use a patients’ own cells to reprogram and then re-differentiate to the 

desired cell type, then perform autologous transplantation as a regenerative cell-based 

therapy for their ailments. This approach should prevent graft versus host disease often 

associated with tissue rejection. Tissue regeneration can involve just one cell type, which 

may need replacing (such as pancreatic β cells in type 1 diabetic sufferers), multiple cell 

types (such as intestinal crypts) or whole organs (such as a kidney). Current clinical 
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applications of human iPS cells are limited, and majority involve the use of human ES 

cells.  The holdup in using iPS cells in the clinic lies in the availability of high quality cells 

both through reprogramming and through differentiation, that can function in a similar way 

in vitro as in vivo (Liu, Li, & Xu, 2016). This is mainly due to a wide variety of 

differentiation protocols available and a detailed analysis (both functionally and 

genetically) is required to ensure safety and applicability of the cells.  One of the first and 

most successful reports of clinical application of pluripotent cells involves the 

transplantation of ES cell-derived retinal pigment epithelial cells into the eyes of patients 

with age-related macular degeneration (W. K. Song et al., 2015).  One year following 

treatment, the patients exhibited improvement in visual acuity and no adverse effects or 

tumour formation.  

1.5.!Hypothesis(and(Aims(

Current animal and cell line models of cystinosis deepened our understanding of the 

disease pathways.  One common characteristic in cell line models has been loading of 

cystine in the lysosomes.  However, inconsistent results have been reported for 

GSH/GSSG ratio, mitochondrial morphology, ATP levels, autophagy flux and levels of 

ROS, suggesting a more complex mechanism leading to development of the disease. The 

mouse model is a valuable tool to understand the development of the swan-neck lesion 

however, there are significant differences observed to human patients.  Hence, there is a 

need for more reliable human cell-based models.  The ability of human iPS cells to 

differentiate into more mature tissues such as the kidney, could potentially provide a model 

where development of cystinosis can be studied in vitro.  In earlier work by Dr Teresa 

Holm, CTNS-iPS cells were generated and offer the potential to differentiate the cells into 

human cystinotic kidney tissue.  The hypothesis of this thesis is that iPS cells can be 

used to model the lysosomal storage disease, cystinosis. 

Thesis aims: 

The aim of this thesis is to explore the potential of CTNS-iPS cells as a new human cell-

based model to study the pathogenesis of cystinosis.  Specifically, these aims are: 

•! To characterise CTNS-iPS cells and confirm their cystinotic phenotype (Chapter 3). 
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•! To develop protocols to differentiate iPS cells into PT cells (Chapter 4) and kidney 

organoids (Chapter 5).  

!
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Chapter 2.!Methods(

2.1.!Cell(culture((

All cell culture reagents were of cell culture grade from Life Technologies (Gibco brand) 

and all plasticware was of Corning® brand unless otherwise stated.  Dulbecco's phosphate-

buffered saline (DPBS) was calcium and magnesium free.  All cell culture work was 

carried out in Class II biosafety hoods and cells were cultured at 37 °C, 5% CO2 

(Heracell™ incubators, Thermo Fisher).   

2.1.1.!Cell(lines(

RNA induced pluripotent stem cells (RiPS) a gift from Dr Chad Cowan, Harvard 

University (endogenous wild-type CTNS). 

iPS cell lines CRI1502 a gift from Wolvetang lab.  

CTNS-iPS cell lines CTNS36, CTNS60, CTNS108 and CTNS157 compound heterozygote 

for 57kb deletion and L158P mutation reprogrammed by Dr Teresa Holm. 

2.1.2.!MycoAlert(Mycoplasma(test(

All iPS cell lines were regularly tested for the presence of mycoplasma using MycoAlert™ 

Mycoplasma detection kit (Lonza).  The kit detects enzymes specifically present in 

mycoplasma.  Medium from the cultured cells was collected, centrifuged and assayed 

according to manufacturer’s instructions.  A MycoAlert™ Assay Control Set (Lonza) was 

included with every assay.  Assay was performed in a krystal fluorescence 96-well black 

clear bottom plate (Porvair) using a VICTOR X Multilabel Plate Reader (Perkin Elmer), 

luminescence was set to 1 count per second.  Two luminescence readings were taken; 

reading A after addition of reagent and 5 minute incubation, and reading B after addition of 

substrate and 10 minute incubation.  Subsequently, reading ratio B/A was calculated for 

each sample.  Results <1 were considered negative.   

2.1.3.!iPS(cell(culture(

Human iPS cell lines were cultured on LDEV-free hESC-qualified Geltrex® (Geltrex®) 

coated tissue culture dishes in mTeSR1 (Stemcell Technologies) medium supplemented 
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with 1% penicillin-streptomycin, and 2.5 µg/mL Plasmocin (anti-mycoplasma reagent; 

InvivoGen).  Cell medium was changed daily.  When cells reached ~70% confluence, they 

were dissociated using 1:3 dilution of Accutase (Stemcell Technologies) in DPBS (v/v) 

and incubated for approximately 5 minutes at 37°C. Cells were scraped from the dish using 

cell lifter (Biologix), centrifuged in a 15 mL Falcon tube (BD) at 800 revolutions per 

minute (rpm), for 5 minutes.  The supernatant was aspirated, cell pellet was resuspended in 

mTeSR1 medium and seeded onto a freshly Geltrex® coated tissue culture dish.  Medium 

was supplemented with 5 µM Y27632 dihydrochloride (ROCK inhibitor; Stemcell 

Technologies) for the first 24 hours to facilitate cell survival.   

2.1.4.!Embryoid(body(formation((

iPS cells were cultured on 150 mm Geltrex® coated tissue culture dishes, until they 

reached ~60% confluency and the colonies were discrete. Cells were washed twice with 

DPBS and incubated with 4 mL of 1 mg/mL dispase solution (Stemcell Technologies) for 

6 minutes at 37°C. Cells were washed twice with DBPS, scraped with a cell lifter and 

centrifuged at 800 rpm for 5 minutes.  The supernatant was aspirated and the cell pellet 

was resuspended in serum medium (Table 2-1) supplemented with 3 µM of Y27632 

dihydrochloride and 0.1 mM 2-mercaptoethanol for the first 24 hours. Please see individual 

protocols for growth factor supplementation details. 

Table 2-1 Differentiation medium formulations 

Serum medium Serum-free medium 

DMEM/F12, 1% glutamax, 1% penicillin-

streptomycin, 1% HEPES, 1% NEAA, 5% ES-FBS, 

2.5 µg/mL Plasmocin 

DMEM, 1% glutamax, 1% penicillin-streptomycin, 

1% HEPES, 1% NEAA, 15% knock-out serum 

replacement (KOSR), 2.5 µg/mL Plasmocin 

Both medium formulations were sterile filtered using Vacuum filter flasks PES 0.22 µm pore membrane (JET 
Biofil). 

2.1.5.!PTElike(cell(monolayer(protocol(

Embryoid body generation was carried out as per the protocol described in Section 2.1.4.  

Following dispase treatment, the cell pellet was resuspended and the cells were seeded into 

serum medium supplemented with 10 ng/mL Activin A, 3 µM CHIR99021 (CHIR), 2.5 

ng/mL BMP7, 25 ng/mL BMP4.  Cells were evenly distributed onto an 6-well ultra-low 

attachment plate to facilitate embryoid body formation.  Half medium change was carried 

out every 48 hours.  On the third day of the assay, embryoid bodies were transferred to a 
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50 mL Falcon tube (BD) and allowed to sediment by gravity to the bottom of the tube.  

The medium was aspirated and embryoid bodies were washed in DBPS twice.  Embryoid 

bodies were dissociated into a single cell suspension using undiluted Accutase, incubated 

at 37°C for 5 minutes and dissociated by manual agitation using a p1000 Gilson pipette 

every 5 minutes, to a total of 15 minutes.  Cells were centrifuged for 5 minutes at 800 rpm 

and were seeded onto Geltrex® coated 12-well tissue culture plates, into serum-free 

medium (Table 2-1) containing, 2.5 ng/mL BMP7, 10 ng/mL BMP2 and 3µM CHIR. For 

the first 24 hours, 3 µM Y27632 dihydrochloride was added to facilitate cell survival.  

Thereafter, medium change was carried out every 48 hours.  Cells were maintained in these 

conditions and analysed at different time points. 

2.1.5.1.!Lotus(tetragonolobus(lectin(fluorescence(activated(cell(sorting((FACS)(

Cells were dissociated into single cells using 25% Accutase and 0.25% Trypsin solution in 

DPBS (v/v) for 30-45 minutes.  FBS was added to neutralise trypsin, cells were triturated 

using p1000 Gilson pipette and centrifuged for 5 minutes at 800 rpm.  Once centrifuged, 

the supernatant was aspirated and cells resuspended in 500 µL of DPBS and LTL-FITC 

(1:100, Vector Laboratories) and incubated in the dark, at room temperature for 30 

minutes.  Once stained, cells were washed with DPBS, centrifuged for 5 minutes at 800 

rpm and resuspended in buffer containing 2% FBS in 1 mM EDTA/DPBS and analysed 

using BD FACSVantage cell sorter.  25000 cells were collected into TRIzol® for RNA 

extraction and cDNA synthesis (see Section 2.2.1), and 160000 cells were seeded onto 

Geltrex® coated µSlide 8-well chambers (ibidi), into renal epithelial growth medium 

(REGM, Lonza) supplemented with 2.5 ng/mL BMP7, 10 ng/mL BMP2, and addition of 5 

µM Y27632 dihydrochloride for the first 24 hours. Thereafter, medium change was carried 

out every 48 hours.  Cells were maintained in these conditions until analysis. 

2.1.6.!Adherent(kidney(organoid(assay(

Embryoid body generation was carried out as per the protocol described in Section 2.1.4.  

Following dispase treatment, the cell pellet was resuspended in serum medium (Table 2-1) 

supplemented with 8 µM CHIR.  Cells were evenly distributed onto ultra-low 6-well 

attachment plates to facilitate embryoid body formation.  Half medium change was carried 

out every 48 hours.  On the third day, embryoid bodies were allowed to sediment in a 50 

mL Falcon tube.  Embryoid bodies were washed twice in DBPS and incubated in undiluted 
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Accutase at 37°C for 5 minutes.  Trituration was carried out with p1000 Gilson pipette 

every 5 minutes to a total of 15 minutes.  Cells were centrifuged for 5 minutes at 800 rpm. 

The supernatant was aspirated and the pellet was resuspended in serum-free medium 

(Table 2-1) supplemented with 2.5 ng/mL BMP7, 10 ng/mL BMP2 and 3 µM CHIR.  Cells 

were seeded onto Geltrex® coated 6-well tissue culture plates.  Thereafter, medium change 

was carried out every 48 hours.  Cells were maintained in these conditions until analysis 

2.1.7.!Suspension(kidney(organoid(assay((

Embryoid body generation was carried out as per the protocol described in Section 2.1.4.  

Following dispase treatment, the cell pellet was resuspended in serum medium (Table 2-1) 

supplemented with 8 µM CHIR.  Cells were evenly distributed onto ultra-low 6-well 

attachment plates to facilitate embryoid body formation.  Half medium change was carried 

out every 48 hours.  On the third day, embryoid bodies were allowed to sediment in a 50 

mL Falcon tube and washed twice in DBPS.  Embryoid bodies were directly seeded into a 

new ultra-low 6-well attachment plate into serum-free medium (Table 2-1) supplemented 

with no growth factors (NoGF) or with addition of 2.5 ng/mL BMP7, 10 ng/mL BMP2 and 

3 µM CHIR (BMP/CHIR).  Thereafter, medium change was carried out every 48 hours.  

On day 10, organoids were transferred into a 150 mL spinner flask (Corning®) in 50 mL of 

corresponding medium, with magnetic stirrer set at 60 rpm. 

2.2.!Molecular(biology(

All chemicals were of molecular biology grade, purchased from Sigma Aldrich or Thermo 

Fisher.  All reagents were made using milliQ water with a resistivity of 18.2MΩ.cm!25 °C.!

2.2.1.!RNA(extraction(and(cDNA(synthesis(

Cells were washed briefly with DPBS and incubated in TRIzol® (Life Technologies) for 

10 minutes at room temperature.  Cells were gently pipetted up and down using p1000 

Gilson pipette.  To extract RNA, chloroform was added (1/5 volume of TRIzol®), 

vortexed for 20 seconds, and centrifuged at 13300 rpm for 20 minutes at 4°C.  The 

aqueous layer was collected, and equal volume of 70% ethanol was added. The sample was 

processed through Ambion RNA isolation kit (Life Technologies) as per manufacturer’s 

protocol.  RNA was resuspended in RNase free water and stored at -80°C.  RNA 

concentration was quantified using Nanodrop 2000 spectrophotometer (Thermo Fisher).  
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cDNA was synthesised using OriGene 1st Strand cDNA Synthesis kit as per 

manufacturer’s instructions using Arktik Thermo cycler (Thermo Fisher).  A no reverse 

transcriptase reaction was also carried out.  Samples were stored at -20°C until analysis. 

2.2.2.!Quantitative(PCR((qPCR)(analysis(

SYBR® Premix Ex Taq™ (Tli RNase H Plus) (Takara Bio) or KAPA2G fast SYBR® for 

low expression transcripts (such as CDH16) were used. qPCR was performed using 

Applied Biosystems HT7900 with the following protocol: 95°C for 30 sec followed by 40 

cycles of 95°C for 15 seconds (denaturation), 60°C for 1 minute (annealing) and 72°C for 

30 seconds (synthesis).  Primers of target genes were previously published, purchased from 

OriGene, IDT or from PrimerBank (Spandidos, Wang, Wang, & Seed, 2010) and were 

used at a final concentration of 200 nM (table 2-2). All reactions were performed in 

triplicate. Samples were normalised to Hypoxanthine-guanine phosphoribosyl transferase 1 

(HPRT1). Values were analysed using the ΔΔCt method (Livak & Schmittgen, 2001). 

Relative expression is represented as fold-changes relative to HPRT1 and then normalised 

to undifferentiated iPS cells (unless stated otherwise).  Note: Only a single normalisation 

gene (HPRT1) was used similar to other reports (Bruce et al., 2007; Harari‐Steinberg et al., 

2013; Johansson & Wiles, 1995).  In the case of Figure 5-6 the use of two additional 

normalisation genes showed no significant differences (data not shown). 

Table 2-2 List of primers used in this thesis 

Gene Forward primer 5’--3’ Reverse primer 5’--3’ Source 

CTNS Exon 8 TCCCTCCACCCCCTGCAG GGGCAGGCAAGGCCGTAC Dr Teresa Holm 

CTNS Intron 3 AGCCCAATATCTCAGTTGCTG CAGGATGCTGAAAGTGATGC (Forestier et al., 

1999) 

CTNS 57kb 

deletion 

CCGGAGTCTACAGGGCACAG GGCCATGTAGCTCTCACCTC (Forestier et al., 

1999) 

BRACHYURY T TTGATGCAAAGGAAAGAAGTGA

TC 

AGGATGAGGATTTGCAGGTG (Bernardo et al., 

2011) 

MESP1 CTGAAGGGCAGGCGATGGA CATCCAGGTCTCCAACAGAGCCA (Albini et al., 2013) 

SOX17 GGCGCAGCAGAATCCAGA CCACGACTTGCCCAGCAT (Albini et al., 2013) 

GATA4 CCCGACACCCCAATCTC GTTGCACAGATAGTGACCCG (Albini et al., 2013) 

FOXA2 TTTTAAACTGCCATGCACTCG TTCATGTTGCTCACGGAGG (Albini et al., 2013) 

SOX2 AGCTACAGCATGATGCAGGA GGTCATGGAGTTGTACTGCA (Albini et al., 2013) 

KLF4 TATGACCCACACTGCCAGAA TGGGAACTTGACCATGATTG Dr Teresa Holm 

C-MYC ACTCTGAGGAGGAACAAGAA TGGAGACGTGGCACCTCTT Dr Teresa Holm 

OCT4 TGTACTCCTCGGTCCCTTTC TCCAGGTTTTCTTTCCCTAGC Dr Teresa Holm 
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NANOG TACCTCAGCCTCCAGCAGAT CCTTCTGCGTCACACCATT Dr Teresa Holm 

Lentiviral 

CMYC/SOX2 

AAGAGGACTTGTTGCGGAAA CATAGCGTAAAAGGAGCAACA Dr Teresa Holm 

WT1    OriGene HP231514 

SIX2 CAGGTCAGCAACTGGTTCAA GGCTGGATGATGAGTGGTCT (Xia et al., 2014) 

PAX2   IDT 

Hs.PT.58.25812313 

OSR1   OriGene HP217436 

SLC5A2 ACGCCTGATTCCCGAGTTCT AGAACAGCACAATGGCGAAGT (Narayanan et al., 

2013) 

AQP1 AAGCTCTTCTGGAGGGCAGT CACCTTCACGTTGTCCTGGACCG (Narayanan et al., 

2013) 

CYP27B1 GGAAATTCTCGTGTCCCAGA TGACACAGAGTGACCAGCGTA (Narayanan et al., 

2013) 

CDH16   IDT Hs.PT.58.262878 

MEGALIN/LRP

2 

AAATTGAGCACAGCACCTTTGA TCTGCTTTCCTGACTCGAATAATG (Rowling, Kemmis, 

Taffany, & Welsh, 

2006) 

AQP3 GACGCTGGGAGCCTTCTTG GCTGGTTGTCGGCGAAGT (Narayanan et al., 

2013) 

AQP2 GCTCCGCTCCATAGCCTTC GGGTGCCAATACCCAAGCC Primer Bank 

SLC12A1 AGTGCCCAGTAATACCAATCGC GCCTAAAGCTGATTCTGAGTCTT Primer Bank 

SLC12A3 CCTGGGTGGAGACCTTCATTC GAGCCCCAATTTACCTCTGGC Primer Bank 

PODOCIN ACCAAATCCTCCGGCTTAGG CAACCTTTACGCAGAACCAGA Primer Bank 

NPHS1 AGTGTGGCTAAGGGATTACCC TCACCGTGAATGTTCTGTTCC Primer Bank 

SYNPO CTCGCCCCTGTCAAGACTG CCAGGCTGTACCGCTTCTA Primer Bank 

NAPSA  Hs.PT.58.22502694 IDT 

SLC22A13 AGCCACCGCTTCAATGAGA TCATTCTTCAGGGATGGGAGC (Nishimura & Naito, 

2005) 

SLC22A12 TGGTGCTAACCTGGAGCTACC TGTTCATCATGACGCCTGC (Nishimura & Naito, 

2005) 

CALB TCCAGGGAATCAAAATGTGTGG GCACAGATCCTTCAGTAAAGCA Primer Bank 

UMOD CGGCGGCTACTACGTCTAC TGCCATCTGCCATTATTCGATTT Primer Bank 

CLCNKB GTGGGCATAGTGCGAAGGG CAAAGAGGTTGTGTGCCTCAT Primer Bank 

HPRT1   OriGene HP200179 

SLC1A5 CCGCTTCTTCAACTCCTTCAA ACCCACATCCTCCATCTCCA Primer Bank 

SLC7A5 CACAGAGGAAATGATCAACCCC

T 

TGATAGTTCCCGAAGTCCACGG Primer Bank 

SLC3a2 GCAGATCGACCCCAATTTTG ACGAGTTCTCACCCCGGTAGTT Primer Bank 

BOA-T CCACGTGSSCTTGCCAGAAGAT GTGTGGACAGGTTCAATAAGGACAT Primer Bank 

xCT CAAATGCAGTGGCAGTGACC AGACAGCAAACACACACCACCG Primer Bank 
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2.2.3.!Genomic(DNA(isolation(

CTNS-iPS cells and RiPS were grown in 6-well tissue culture plates, washed briefly with 

DPBS and incubated with mammalian cell lysis buffer (0.1 M Tris pH 8.5, 5 mM EDTA, 

0.2% SDS, 0.2 M NaCl) and 100 µg/mL Proteinase K (Roche), overnight at 37°C. An 

equal volume of ice cold isopropanol was added, plate was manually swirled until DNA 

strands appeared.  Solution was transferred into 1.5 mL microcentrifuge tubes, centrifuged 

at 133000 rpm for 20 minutes at 1°C.  Supernatant air dried, and resuspended in DNase 

free water.  Samples were stored in -20°C until analysis.   

2.2.4.!PCR(

Genomic DNA (1 µL) was mixed with reaction components 1 µL dNTPs, 1 µM forward 

and reverse primers (Table 2-2), 1.5 µL DMSO, 10 µL of 5x HF buffer, 35 µL H2O and 1 

U of Phusion high-fidelity DNA polymerase (Thermo Scientific).  Hot start PCR reaction 

was performed in Arktik thermo cycler with denaturation 94°C for 5 minutes, 

amplification for 30 cycles of 1 minute at 94°C, 1 minute at 58°C, and 1 minute at 72°C, 

with a final extension step of 5 minutes at 72°C.  PCR products were analysed by 

electrophoresis on a 1% (w/v) agarose gel in 1x TAE buffer (40 mM Tris-acetic acid pH 

8.0, 1 mM EDTA) containing 0.5 µg/mL ethidium bromide, alonglide 2-log DNA ladder 

(NEB) for 45 minutes at 100 mV.  Gel was visualised on a Gel Doc 2000 imaging system 

(Bio-Rad Laboratories)  

2.2.5.!Cloning(CTNS(exon(8(

Genomic DNA was amplified by PCR as per the protocol described in section 2.2.4.  Hot 

start PCR reaction was performed in Arktik thermo cycler with denaturation at 98°C for 1 

minutes, amplification was done with 35 cycles of 10 sec at 98°C, 30 sec at the annealing 

temperature of 67°C, and 5 sec at 72°C, with anneal extension step of 10 minutes at 72°C.  

PCR products were run on a 1% (w/v) low melting point agarose gel in 1x TAE buffer 

containing 0.5 µg/mL ethidium bromide, alonglide 2-log DNA ladder (NEB), for 30 

minutes at 80 mV.  Positive bands were extracted from the gel and purified using 

E.Z.N.A.® Gel Extraction Kit (Omega Bio-Tek) according to manufacturer’s protocol.  

Ligation reaction was set up using TOPO TA® cloning kit according to manufacturer’s 

instructions, and One Shot® TOP10 Chemically Competent E. coli were transformed and 

incubated at 37°C, overnight in 30 µg/mL kanamycin LB-agar plates (Luria broth, 1.5% 
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agar w/v).  Resultant colonies were picked and incubated at 37°C, overnight in 30 µg/mL 

kanamycin LB medium.  The next day plasmid DNA was extracted using E.Z.N.A.® 

Plasmid mini kit I Q-spin (Omega Bio-Tek).  EcoRI (NEB) diagnostic digest was 

performed to determine clones positive for exon 8.  Positive samples were sent to the DNA 

sequencing facility at University of Auckland for analysis. 

2.3.!Immunofluorescent(assays(

2.3.1.!Cryosectioning(

Tissue was fixed in 4% paraformaldehyde/PBS (w/v) for 30 minutes at room temperature 

and washed three times with DPBS.  The fixed tissue was immersed in 30% sucrose/PBS 

(w/v) solution at 4°C overnight.  The sucrose solution was aspirated and the tissue 

embedded in O.C.T compound (Tissue-Tek®) and immediately snap frozen on dry ice.  

The blocks were stored at -80°C until sectioning.  Sections were cut 12 µm thick on a 

Leica CM3050 S cryostat, and placed onto Superfrost™ Plus slides (Thermo Fisher) and 

stored at -20°C.   

2.3.2.!Immunostaining(

Cells were washed with 1x TBS (50 mM Tris-HCl, 150 mM NaCl) and fixed in 4% 

paraformaldehyde/PBS (w/v) for 10 minutes at room temperature. Following 3 washes; 

fixed cells (or cryosections) were blocked at room temperature for at least an hour in 

blocking solution (TBS containing 2%, bovine serum albumin (BSA) (w/v) and 5% normal 

goat serum with 0.3% Triton X-100 (v/v)).  Cells were incubated with primary antibody 

(Table 2-3) in the blocking solution overnight at 4°C in a humidified chamber.  Twenty-

four hours later, cells were washed three times with TBST (TBS containing 0.1% Triton X-

100 (v/v)) and incubated with secondary antibodies (Table 2-4) at 1:500 dilution in the 

blocking solution for 2 hours at room temperature.  Cells were incubated with 10 µg/mL 

Hoechst 33258 for 5 minutes, washed twice with TBST and mounted with Prolong Gold 

(Life Technologies) before imaging.  Cells were imaged using Zeiss LSM710 confocal or 

Leica DMIL LED fluorescence microscope. 

Antigen retrieval 
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Antigen retrieval was carried out prior to immunostaining if PCNA (Sigma Aldrich) 

antibody was used.  Sections were incubated in 10 mM sodium citrate buffer with 0.05% 

Tween-20 (v/v) pH 6.0 at 95°C for 30 minutes.  Sections were allowed to cool for 20 

minutes in the solution, washed three times with TBS before continuing with the blocking 

step in the immunostaining protocol above (2.3.2). 

Table 2-3 Primary antibodies  

Antibody Source Product Code Dilution used 

ES cell characterisation kit  Chemicon SCR001 N/A 

Rabbit anti-PAX2 Covance COV-PRB-276P 1:200 

Mouse anti-LRP2  Acris Antibodies DM3613P 1:200 

Mouse anti-Ecadherin (CDH1) BD 610181 1:200 

Rabbit anti-HNF1β Sigma Aldrich HPA002083 1:400 

Guinea Pig anti-Nephrin (NPHS1) Progen GP-N2 1:200 

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

Rabbit anti-WT1 (C-19) Santa Cruz SC-192 1:100 

Rabbit Caspase-3 active (Casp3) BD 559565 1:200 

Mouse Anti-AQP1 (1/22) Santa Cruz SC-32737 1:200 

Mouse Anti-AQP1-FITC  Santa Cruz SC-32737FITC 1:50 

Goat anti-GATA3 R&D AF2605 1:100 

Rabbit anti-PCNA Sigma Aldrich P8825 1:400 

Mouse Anti-LAMP2 (H4B4) Abcam ab25631 1:200 

 

Table 2-4 Secondary antibodies  

Antibody Source Dilution 

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 

Anti-goat Alexa Fluor 568 Molecular Probes® 1:500 

Anti-guinea pig Alexa Fluor 594 Molecular Probes® 1:500 

Hoechst 33258 Thermo Fisher 10 µg/mL 

LTL-FITC Vector Laboratories 1:100 
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2.3.3.!Live(cell(imaging(using(probes(

All iPS cell live imaging assays were set up a day before by seeding cells onto Geltrex® 

coated 35 mm Fluoro dishes (WPI).  Prior to staining, cells were washed with DPBS and 

working solution was made as per the Table 2-5.  All cells were incubated with Hoechst 

33258 in addition to the specific probe.  Once the staining was complete, the dyes were 

washed off with DPBS and cells were replenished with fresh mTeSR1 medium.  Images 

were taken using Zeiss LSM710 confocal microscope. 

Table 2-5 Summary of probe concentrations and incubation times for live cell imaging 

Probe Stock conc. Working conc. Staining medium Time of 

incubation 

Hoechst 33258 10 mg/mL DMSO 10 µg/mL mTeSR1 or DMEM 30 minutes 

MitoTracker® 

green FM 

1 mM DMSO 200 nM DMEM 30 minutes 

DQ™-BSA green 1 mg/mL DPBS 20 µg/mL mTeSR1 3 hours 

MR-Cathepsin B 260x in DMSO 1x solution  mTeSR1 1 hour 

 

Image analysis  

DQ™-BSA and Magic Red™ 63x magnification confocal raw images (3 images each cell 

line, at least 70 cells per cell line) were analysed using ImageJ analysis software.  

Automatic threshold was applied to each channel.  Positive vesicles and nuclei were 

manually counted.  To obtain an area analysis of vesicles, particle analysis was performed 

calibrated to manual counts to ensure the right vesicles were included.  Vesicle size was 

classified according to 4 categories (<1 µm2, >1-5 µm2, >5-10 µm2, >10 µm2).  Based on 

the number of cells per image, an average of vesicles per cell, per image was calculated 

and statistically analysed.  

2.3.4.!Live(cell(imaging(using(BacMam(2.0(constructs(

Two days before imaging cells were passaged and seeded onto Geltrex® coated 35mm 

Fluoro dishes (WPI).  The next day cells were washed with DPBS and incubated in 

mTeSR1 medium containing 30 particles per cell of BacMam 2.0 reagent (Early 

endosomes-GFP, Late endosomes-RFP, LC3B-GFP) for at least 16 hours (overnight).  

Prior to imaging, the BacMam 2.0 reagent was washed off with DPBS and cells were 
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incubated with Hoechst 33258 for 30 minutes.  Once the staining was complete cells were 

washed again with DPBS and replenished with fresh mTeSR1 medium.  Images were taken 

using Zeiss LSM710 confocal microscope.  

2.3.5.!CMEH2DCFDA(assay(

CM-H2DCFDA is a cell permeable probe, which produces a fluorescent product upon 

oxidation measuring intracellular level of reactive oxygen species (ROS). CTNS-iPS cells 

and control-iPS cells were seeded into a 24-well tissue culture plates, 6 wells per cell line.  

On the second day, cells were washed with DPBS and incubated with 10 µM CM-

H2DCFDA (Molecular Probes®) for 20 minutes in the dark (1 well was left unstained as a 

blank).  Fluorescence was analysed using EnSpire multimode plate reader (Perkin Elmer) 

(excitation 495 nm, emission 527 nm).  Each well was then washed with DPBS and protein 

was extracted using 150µL of RIPA buffer (1 mM orthovonodate, 50 mM HEPES pH 7.4, 

1% deoxycolic acid, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 1 mM EDTA) with 

cOmplete mini protease inhibitors (Roche) for 10 minutes on ice.  Protein concentration 

was measured using BioRad DC™ protein assay according to manufacturer’s instructions.  

BSA diluted in RIPA buffer and with protease inhibitors was used to generate a standard 

curve, and RIPA buffer with protease inhibitors was used as a blank.  All protein samples 

were done in triplicate and analysed using EnSpire multimode plate reader (Perkin Elmer) 

(absorbance at 750 nm).  Blank was subtracted from values before calculating protein 

concentration.  Fluorescence values for each well were divided by the protein 

concentration to determine fluorescence per mg of protein.  Average and standard error of 

the mean was calculated for each cell line and statistically analysed.  

2.3.6.!Flow(cytometry((

Cells in PT-like monolayers were washed in DPBS and incubated with undiluted Accutase 

and 0.5% trypsin (2:1 v/v) solution for an hour at 37°C, then dissociated with manual 

agitation and facilitated using a p1000 Gilson pipette.  Cells were washed with HBSS (with 

calcium and magnesium) twice and centrifuged at 800 rpm for 5 minutes.  If cells remained 

attached to the cellular matrix, they were further treated with 500 µL of 1 mg/mL 

collagenase type I (made up in HBSS containing calcium and magnesium) solution and 

incubated for up to two hours at 37°C.  Cells were dissociated with manual agitation 

facilitated using a p1000 Gilson pipette, washed with DPBS and centrifuged at 800 rpm for 
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5 minutes, before being combined with the Accutase/trypsin treated cells resuspended in 1 

mL of FCM fixing buffer (Santa Cruz) for 30 minutes at room temperature.  Cells were 

washed in DPBS twice, centrifuged for 5 minutes at 800 rpm and resuspended in TBS-

Tween 20 containing 2% FBS and anti-AQP1-FITC conjugated antibody (Table 2-3).  

Cells were incubated for 15 minutes at room temperature, washed twice in DPBS, 

centrifuged for 5 minutes at 800 rpm and resuspended in DBPS for analysis.  Analysis was 

performed using Becton Dickinson LSRII flow cytometer.   

2.4.!Glutathione(analysis(

This approach was based on a method previously described for quantification of reduced 

glutathione (Cotgreave & Moldéus, 1986) with modifications, allowing simultaneous 

detection of cysteine, glutathione and their disulfides. All solutions used were kept ice-cold 

throughout the HPLC preparation. Approximately 1x150 mm 80% confluent dish was used 

per iPS cell line, homogenised in 300 µL of 50 mM EDTA together with 50 µL of Triton 

X-100. The homogenate was mixed with 6.5% trichloroacetic acid (TCA) at a 1:1 ratio and 

then centrifuged at 13,000×g for 4 minutes at 4ºC. The supernatant was neutralised in 0.4 

M sodium bicarbonate and sodium hydroxide and diluted with 67 mM phosphate buffer, 

pH 7.4 to a final volume of 150 µL, then derivatized by the addition of 20 µL of 3 mM 

monobromobimane in the dark at room temperature for 5 minutes, followed by addition of 

5 µL of 100% TCA. The final supernatant was transferred to an insert vial and subjected to 

HPLC analysis. Cysteamine was used as an internal standard. 

HPLC separation was performed using an Agilent 1200 series HPLC system (Agilent 

Technologies). 30 µL samples were injected onto a Gemini 5µ C18 110Å column, 150 × 

4.60 mm (Phenomenex) and eluted with mobile phase comprising (A) 0.25% acetic acid in 

water and (B) 80% (v/v) acetonitrile in water at 1 mL/minutes. Initial conditions were 5% 

B for 0–0.5 minutes, 12% at 0.51 minutes, followed by a gradients from 12% B –17% B 

for 0.51–3 minutes, 17% B stayed constant for 3–6 minutes,  17% B –30% B for 6–9 

minutes, finally returning to 5% B at 15 minutes. The thiol-bimane conjugates were 

quantified using the Agilent 1200 series Fluorescence Detector (Agilent Technologies) set 

at Ex394nm: Em480nm (excitation: emission) with PMT gain of 10. In order for measure 

disulfides in the sample, Tris (2-carboxyethyl) phosphine hydrochloride was incubated 

with each sample (300 µM final concentration) for 25 minutes at  37 ºC to reduce 

disulfides prior to the derivatisation step. Disulfides could then be indirectly measured as 
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the difference between total cysteine/glutathione and the reduced cysteine/glutathione 

detected. Protein concentration was determined using Pierce 660 nm Protein Assay Kit 

(Pierce Biotechnology) and cysteine/glutathione levels in iPS Cells were interpreted as 

amount per mg of protein (nmol/mg). 

2.5.!Transmission(electron(microscopy((

Samples were fixed in 2.5% glutaraldehyde and 0.1 M phosphate buffer pH 7.4 

(dissociated iPS cells or whole kidney organoids) at 4ºC, and kept in the fixative until 

processing.  All washes were performed on a rocker.  Samples were washed in 0.1 M 

phosphate buffer three times for 10 minutes, fixed in 1% osmium tetroxide in 0.1 M 

phosphate buffer for an hour at room temperature and washed twice in 0.1 M phosphate 

buffer for 5 minutes.  The samples were dehydrated in a graded series of ethanol washes, 

10 minutes each at room temperature (50%, 70%, 90% and twice 100%), following with 

twice propylene oxide wash for 10 minutes at room temperature. The samples were 

infiltrated with a graded series of propylene oxide:resin mix (2:1, 1:1, 1:2) for 30 minutes 

each, before being imbedded in freshly made pure resin overnight.  Following 24 hours, 

the samples were placed into moulds and polymerised at 60ºC for 48 hours. Sectioned 

samples were imaged using Tecnai™ G² Spirit Twin transmission electron microscope. 

2.6.!Statistical(analysis(

All statistical analysis was conducted using Microsoft Excel.  P value of less than 0.05 was 

accepted as statistically significant.  * p < 0.05, ** p < 0.01.  
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Chapter 3.!Using(iPS(cells(to(model(cystinosis(

3.1.!Introduction(

One of the main challenges in the cystinosis field is a lack of suitable cell culture or 

animal-based models of the disease.  Different primary and immortalised cell lines are 

used, in addition to a mouse knock-out, yielding inconsistent results (reviewed in Chapter 

1).  This has led to diverse hypotheses to explain the pathogenesis of cystinosis.  The Ctns-

/- mouse model, when bred on the C57BL/6 background, exhibits renal tubulopathy and 

other features of the disease.  However, there are clear dissimilarities with cystinosis 

patients, such as delayed onset of PT death, cystine crystal discharge in the urine and 

unaffected glomeruli (Gaide Chevronnay et al., 2014).  To address the shortcomings of 

these models, our laboratory has pioneered the use of human iPS cells as an alternative 

model of cystinosis.  The advantages of using iPS cells are that they are a renewable source 

of cystinotic cells, they are not immortalised, and they can be differentiated into human 

kidney tissue. 

In 2009, a male cystinosis patient with renal Fanconi syndrome, undergoing renal 

transplant was identified by Dr Teresa Holm at Massachusetts General Hospital/Harvard 

Medical School and a fat sample was obtained from the patient.  Dr Holm cultured adipose 

mesenchymal stem cells (AdMSCs) from this sample and reprogrammed them to iPS cells 

using a doxycycline inducible polycistronic lentiviral vector containing the ‘Yamanaka 

factors’.  Four independent clonal lines (36, 60, 108, 157) were derived with normal 

karyotypes.  The PhD project presented here began by identifying the type of CTNS 

mutations in these cells and confirming their pluripotency. 
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Hypothesis: 

I hypothesised that human CTNS-iPS cells would display phenotypes associated with 

cystinosis, resulting in a new model to study the disease. 

Specific aims 

•! Characterise the cystinosis-causing mutations in CTNS-iPS cells  

•! Confirm the pluripotency of CTNS-iPS cells 

•! Characterise the phenotype of CTNS-iPS cells by investigating   

! ! Cystine and cysteine levels 

! ! Glutathione and oxidative stress 

! ! Mitochondrial morphology 

! ! Endocytosis and autophagy pathways 
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3.2.!Results(

Figures 3-3 and 3-5 experimental procedure and analysis were carried out by Ivy Li and 

Dr Julie Lim from Department of Optometry and Vision Science with Dr Paul Donaldson. 

3.2.1.!Characterising(the(CYSTINOSIN(mutations(in(CTNSEiPS(cells(

To identify the mutant CTNS alleles in our CTNS-iPS cells, genomic PCR and DNA 

sequencing was performed.  As a 57kb deletion of the CTNS locus is quite common 

(particularly in Caucasians of northern European descent), this mutation was initially 

screened (Forestier et al., 1999).  Using established PCR primers, which flank the deletion 

and give a 411bp amplicon if the deletion is present (and no product if it is absent), it was 

found that genomic DNA from CTNS-iPS cell lines 36, 108 and 60 and the patient 

AdMSCs were all positive for the 57kb deletion (Figure 3-1A; as negative controls, 

genomic DNA from RiPS cells and no DNA (water) were used) 

To determine whether the deletion was present on both alleles, established primers 

spanning intron 3 of the CTNS gene were used (Forestier et al., 1999).  Presence of the 

deletion on both alleles would yield no amplification of the product.  However, if only one 

allele is affected, a 689bp amplicon will be amplified.  The successful amplification of a 

689bp amplicon revealed that the deletion was present on only one allele in the cystinosis 

cells (Figure 3-1B).  Further PCR amplification and DNA sequencing of all of the exons 

revealed a missense point mutation (812T>C) on exon 8 (Figure 3-1C).  This mutation 

causes a leucine to proline change in the second transmembrane domain of Cystinosin and 

has been previously characterised (the mutant transporter localises correctly to the 

lysosome but possesses only 1.4% transport activity; (Kalatzis, Nevo, Cherqui, Gasnier, & 

Antignac, 2004)). From this analysis it was concluded that the CTNS-iPS cells are 

heterozygous for two different pathogenic mutations: a deletion allele and a missense 

mutation causing a near-complete loss of Cystinosin transporter activity. 
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3.2.2.!Confirming(pluripotency(of(CTNSEiPS(cells(

To confirm that the CTNS-iPS cell lines (36, 60, 108, 157) were pluripotent, several ‘gold 

standard’ tests were performed. Firstly, each line was assessed for alkaline phosphatase 

activity (an enzyme highly expressed in pluripotent stem cells) and the presence of the 

stem cell surface markers SSEA-4, TRA-1-60 and TRA-1-81 (International Stem Cell 

Initiative et al., 2007; Marti et al., 2013; Stefkova, Prochazkova, & Pachernik, 2015).  All 

of the lines were found to be positive for these markers (representative staining is shown 

for CTNS line 36 in Figure 3-2A).  

Next, re-expression of endogenous ‘Yamanaka factor’ genes and decreased expression of 

the integrated reprogramming vector was examined in each cell line by quantitative 

polymerase chain reaction (qPCR) (3 technical replicates for each).  The vector-derived 

transcripts were examined using primers that span two of the Yamanaka factors (C-MYC 

and SOX2) located within the polycistronic vector.  The CTNS-iPS cells showed high 

levels of endogenous OCT4, SOX2, NANOG (>1000 fold higher than HPRT1), C-MYC and 

B A 

C 

Figure 3-1 Characterisation the CTNS mutations in iPS cells. 

A and B) Electrophoresis of genomic PCR products amplified from AdMSCs and CTNS-iPS cells 
(lines 36, 108, 60) showing a 411bp amplicon that spans the 57kb deletion and confirms the 
presence of the deletion in these cells (shown in A) and a 689bp amplicon that spans intron 3 of the 
CTNS gene (shown in B). As controls, genomic DNA from RiPS cells was used (WT) and water in 
place of DNA (CNTRL). C) Sequencing results of exon 8 from CTNS-iPS cells (line 108) 
highlighting the point mutation T>C compared to the WT exon 8.  

!

AGTGTCATTGGTCCGAGCTTCGACTTCGTGGCTCTGAACCTGACGGGCTTCGTGGCCTAC CTNS108  
||||||||||||| |||||||||||||||||||||||||||||||||||||||||||||| 
AGTGTCATTGGTCTGAGCTTCGACTTCGTGGCTCTGAACCTGACGGGCTTCGTGGCCTAC Exon 8 
AGTGTATTCAACATCGGCCTCCTCTGGGTGCCCTACATCAAGG CTNS108              
||||||||||||||||||||||||||||||||||||||||||| 
AGTGTATTCAACATCGGCCTCCTCTGGGTGCCCTACATCAAGG Exon 8 

!
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KLF4 (>100 fold higher then HPRT1) while transcripts from the reprogramming vector 

were much lower (56 fold higher then HPRT1; Figure 3-2B).   

Finally, Dr Teresa Holm confirmed that the CTNS-iPS cells were pluripotent by 

performing teratoma assays in mice.  Briefly, CTNS-iPS cells were transplanted under the 

kidney capsule of immuno-compromised mice and 4-6 weeks later a teratoma was 

removed and found to contain tissue derivatives from all three germ layers (data not 

shown).   

Taken together, these results are consistent with the CTNS-iPS cells being successfully 

reprogrammed to a pluripotent state. 

!
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3.2.3.!Examining(levels(of(cystine(and(cysteine(in(CTNS(iPS(cells(

To determine if the CTNS-iPS cells load cystine, high performance liquid chromatography 

(HPLC) was performed in collaboration with Professor Paul Donaldson’s group in the 

Department of Optometry and Vision Science (The University of Auckland). CTNS-iPS 

cells were compared with control-iPS cells (generated by RNA-induced reprogramming 

(RiPS), a gift from Dr Chad Cowan, Harvard University; 3 technical replicates were 

performed for each).  All the CTNS-iPS cell lines displayed higher cystine levels with 

comparable levels ~60 fold higher than control-iPS cells (4.9 nmol/mg protein in CTNS-

iPS cells vs <0.08 nmol/mg protein in control-iPS cells; representative data for line 36 is 

shown in Figure 3-3).  It was concluded from this analysis that CTNS-iPS cells accumulate 

cystine, consistent with having pathogenic mutations in the CYSTINOSIN gene.  As we 

found that all of the CTNS-iPS cell lines (36, 108, 157) exhibit similar cellular phenotypes, 
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Figure 3-2 Confirmation of pluripotency in CTNS-iPS cells 

A) Panels show CTNS-iPS cells (line 36) stained for alkaline phosphatase (alk phos) 
activity and the cell surface markers SSEA-4, TRA-1-60, TRA-1-81. Images are 
shown at 10x magnification (alk phos) and 20x magnification (SSEA-4, TRA-1-60, 
TRA-1-81). B) qPCR expression analysis of endogenous pluripotency markers in 
CTNS-iPS cells (line 36), error bars represent standard deviation of three technical 
replicates. 
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experiments were restricted to line 36 (herein simply referred to as CTNS-iPS cells).  For 

normal control cells either RiPS or CRI1502 cells were used. 

As cystine forms a redox couple with cysteine (an important thiol redox buffering system 

in the cell), the level of cysteine in CTNS-iPS cells was also examined by HPLC. Cysteine 

levels in CTNS-iPS cells (9.2 nmol/mg protein) were found to be 2 fold higher than in 

control-iPS cells (4.6 nmol/mg protein).  This increase in cysteine in CTNS-iPS cells could 

be attributed to a higher influx of cystine, which is rapidly reduced to cysteine upon entry 

into the cell (Bannai, 1984b).  We therefore hypothesised that there may be an upregulation 

in cell surface amino acid transporters involved in cystine or cysteine uptake.  A major 

importer of cystine is the System xc
-, a heterodimer composed of the xCT light chain 

conferring the specificity of the amino-acid exchange reaction and the 4F2 heavy chain 

(SLC3A2), a ubiquitously expressed cell surface component shared with several other 

amino-acid transport systems (Sato et al., 2004; Vitvitsky, Witcher, Banerjee, & Thoene, 

2010). Another transporter complex for cystine is the B0,+AT System, which imports 

cystine and dibasic amino acids in exchange for neutral amino acids (Fernandez et al., 

2002; Palacin, Chillaron, & Mora, 1996; Palacin, Bertran, & Zorzano, 2000).  Quantitative 

PCR revealed that xCT and SLC3A2 are expressed in CTNS-iPS cells >2.5 fold higher than 

in control-iPS cells while B0,+AT is expressed >40 fold higher (Figure 3-4).  To determine 

whether other amino acid transporters were also affected, expression of the neutral amino 

acid transporters SLC7A5 and SLC1A5 was similarly examined and found to be 

upregulated >3.5 fold in CTNS-iPS cells compared to control-iPS cells (Figure 3-4).  Thus, 

CTNS-iPS cells display upregulated expression of several amino acid transport systems. 

While some of these are responsible for importing cystine and cysteine into the cell, 

consistent with the greater levels of cysteine detected by HPLC, an increase in broad 

specificity neutral amino acid transporters suggests that CTNS-iPS cells may be starved for 

amino acids, possibly due to defective lysosome function.  
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3.2.4.!Examining(glutathione(levels(and(oxidative(stress(in(CTNSEiPS(cells(

Studies using cystinotic PT cells have shown that glutathione (GSH) levels and oxidative 

stress are altered (Bellomo et al., 2010; Chol, Nevo, Cherqui, Antignac, & Rustin, 2004; 

Laube et al., 2006; E. Levtchenko et al., 2005).  To determine if CTNS-iPS cells have an 

altered GSH/GSSG ratio, HPLC analysis was conducted in collaboration with Professor 

Paul Donaldson’s laboratory in the Department of Optometry and Vision Science. CTNS-

iPS cells showed a GSH/GSSG ratio of almost 1:1 compared to 29:1 in control-iPS cells 

(RiPS; n=3 technical replicates; Figure 3-5).  This result suggests that CTNS-iPS cells are 

under oxidative stress. As it has been reported that cystinotic primary PT cells (Sansanwal 

et al., 2010) show increased production of reactive oxygen species (ROS), the level of 

ROS were measured in CTNS-iPS cells using the CM-H2DCFDA probe, which freely 

diffuses into the cells and is cleaved upon oxidation to produce a fluorescent product.  
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Figure 3-4 Amino acid transporter 
analysis 

Expression levels of xCT, B0+AT, 
SLC7A5, SLC3A2, and SLC1A5 in 
CTNS-iPS cells (line 36) and control-iPS 
cells (CRI1502) by qPCR. Error bars 
show standard deviation of 3 technical 
replicates. 

!

Figure 3-3Levels of cystine and 
cysteine in CTNS-iPS cells 

Levels of cystine and cysteine in CTNS-
iPS cells (line 36) and control-iPS cells 
(RiPS) by HPLC analysis. Error bars 
show standard deviation of 3 technical 
replicates. 
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CTNS-iPS cells were treated with CM-H2DCFDA for 20 mins and the level of 

fluorescence was detected using an EnSpire plate reader (PerkinElmer) (n=5 technical 

replicates, representative of 3 independent experiments) (Figure 3-6).  No significant 

increase in ROS was found in CTNS-iPS cells compared to control-iPS cells (p=0.405, 

one-way ANOVA; Figure 3-6).  Taken together these experiments indicate that while 

CTNS-iPS cells show signs of oxidative stress (elevated GSSG levels), the intracellular 

level of ROS is normal. 

 

 

!

 

 

Figure 3-6 Production of reactive oxygen 
species (ROS) 

Levels of ROS in CTNS-iPS cells (line 36) 
and control-iPS cells (CRI1502) 
determined by CM-H2DCFDA 
fluorescence. Error bars show standard 
deviation of 5 technical replicates. 
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Figure 3-5 Levels of glutathione in 
CTNS-iPS cells 

Intracellular levels of reduced glutathione 
(GSH) and oxidised glutathione (GSSG) in 
CTNS-iPS cells (line 36) and control-iPS 
cells (RiPS) by HPLC analysis. Error bars 
show standard deviation of 3 technical 
replicates. 
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3.2.5.!Characterising(mitochondria(in(CTNSEiPS(cells(

Previous observations in primary fibroblasts and urine-derived PT cells from cystinotic 

patients revealed diffuse, small, round and fragmented mitochondria which are degraded 

by mitophagy in comparison to long and tubular networked mitochondria in control 

fibroblasts (Sansanwal et al., 2010).  To determine if CTNS-iPS cells exhibit similar 

mitochondrial defects the cells were stained with MitoTracker® green, which fluorescently 

labels mitochondria, and transmission electron microscopy was undertaken (performed in 

triplicate with at least 10 cells per experiment).  Live confocal analysis of MitoTracker® 

stained cells revealed that the mitochondria of CTNS-iPS cells contain smaller and more 

fragmented mitochondria in comparison to control-iPS cells, which display long, tubular 

and interconnected mitochondria (Figure 3-7A). This result was confirmed by the electron 

microscopy, which further revealed that the mitochondria in CTNS-iPS cells were small 

and dense and often dilated (Figure 3-7B). No examples of mitophagy were observed, 

suggesting this may be a feature of cystinotic PT cells but not CTNS-iPS cells. This 

difference may be related to the fact that iPS cells preferentially use glycolysis rather than 

oxidative phosphorylation for their ATP generation, thus their mitochondria may be less 

functional than those in PT cells (Choi et al., 2015; Folmes et al., 2011).  Nevertheless, it 

can be concluded from this analysis that the mitochondria of CTNS-iPS cells showed a 

more fragmented and dilated morphology compared to control-iPS cells. 
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Control-iPS CTNS-iPS A 

B 

Figure 3-7  Mitochondria morphology in control-iPS and CTNS-iPS cells 

A) Representative live confocal fluorescence images of CTNS-iPS cells (line 36) and 
control-iPS cells (CRI1502) stained with MitoTracker® green and nuclei stained with 
Hoechst (blue). Scale bar = 10 µm B) Transmission electron microscopy images of 
each cell line. Note the smaller and dilated mitochondria in CTNS-iPS cells (red 
arrows). Scale bar = 0.5 µm 
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3.2.6.!Examining(endocytosis(and(autophagy(pathways(

The lysosome plays a central role in the endocytic and autophagic pathways as a terminal 

compartment that fuses with late endosomes and autophagosomes (reviewed in Chapter 1).  

Defects in the lysosome will affect these pathways and are a likely cause of the cellular 

distress in cystinosis (Ivanova et al., 2015; Napolitano et al., 2015; Sansanwal et al., 2010).  

CTNS-iPS cells and control-iPS cells were immunostained for LAMP-2, a marker 

primarily enriched on lysosomes but also found on early endosomes, late endosomes and 

amphisomes (Endo, Furuta, & Nishino, 2015; Eskelinen, 2006). This analysis showed that 

CTNS-iPS cells contained enlarged LAMP-2+ vesicles that cluster in a perinuclear location 

(red arrows in Figure 3-8).  The largest of these vesicles (>20 µm2 in 2D area) tended to be 

only partially decorated with LAMP-2 and some displayed intraluminal staining, 

suggesting that they may contain smaller LAMP-2+ vesicles (white and yellow arrows in 

Figure 3-8).  The dense perinuclear clustering of these vesicles and the punctate 

immunostaining pattern made it impossible to accurately quantitate their number.  

However, qualitatively, control-iPS cells appeared to show more LAMP-2+ vesicles that 

were smaller and more uniform in size compared to CTNS-iPS cells (Figure 3-8). Together, 

these results indicate that the endosomal and/or lysosomal compartments are abnormally 

enlarged in CTNS-iPS cells.  Furthermore, the correlation between reduced LAMP-2 

staining and size of the vesicle suggests that LAMP-2 is progressively lost as the vesicle 

expands. 

To assess an effect on early endosomes, CTNS-iPS and control-iPS cells were transduced 

with CellLight™ early endosomes-GFP, a non-integrating baculovirus vector that encodes 

green fluorescent protein (GFP) fused to Rab5a. Rab5a predominantly localises to early 

endosomes where it plays a role in driving maturation to late endosomes (Rink et al., 

2005). CTNS-iPS cells and control-iPS cells were infected with the viral vector for 16 

hours and then imaged by confocal microscopy.  In the CTNS-iPS cells, the Rab5a+ 

vesicles were found clustered in a perinuclear location with some appearing swollen. By 

contrast, the Rab5a+ vesicles in control-iPS cells were qualitatively smaller and more 

uniformly spread throughout the cell (Figure 3-9). 

To further characterise the enlarged vesicles, CTNS-iPS cells were transduced with 

CellLight™ late endosomes-RFP, which encodes Red Fluorescent Protein (RFP) fused to 

Rab7a, a small GTPase protein localised predominantly on late endosomes but is also 
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found on lysosomes and autophagosomes (Luzio et al., 2007). In CTNS-iPS cells, swollen 

Rab7a+ vesicles were found clustered in a perinuclear region (n=20 cells), similar to the 

LAMP-2+ vesicles, while in control-iPS cells, the Rab7+ vesicles are smaller and scattered 

more uniformly throughout the cytosol (Figure 3-9). Rab7a-RFP was also found to label 

the very large vesicles/vacuoles (inset in Figure 3-9).  

It was next assessed whether lysosomal enzymatic degradation capacity was affected in 

CTNS-iPS cells. To do this, CTNS-iPS and control-iPS cells were loaded with the 

membrane-permeable substrate, Magic Red™ that releases fluorescent peptides inside 

lysosomes upon cathepsin B cleavage.  Magic Red™+ vesicles were detected in a 

perinuclear location in both CTNS-iPS cells and control-iPS cells (Figure 3-10). 

Quantification of the number and size (2D area from confocal images) of the positive 

puncta revealed similar total numbers between CTNS-iPS cells and control-iPS cells 

(average of 7.7 puncta/cell in CTNS-iPS cells s.d = 2.5 vs 6.4 puncta/cell in control-iPS 

cells s.d = 1.2; Figure 3-10B).  However the average number of large puncta (>5-10 and 

>10 µm2) per cell was significantly greater in CTNS-iPS cells than in control-iPS cells.  In 

addition, these very large puncta often contained intralumenal vesicles reminiscent of that 

observed with the LAMP-2 staining (white arrow in Figure 3-10A). Together, these results 

suggest that while the total number and degradative capacity of lysosomes is relatively 

normal in CTNS-iPS cells, some of the cells contain endolysosomes and/or lysosomes that 

are greatly expanded in size.  

To assess trafficking through the endocytic pathway, DQ™-BSA was used as a fluid phase 

probe that becomes fluorescent when it reaches the lysosome (Vázquez & Colombo, 2009). 

CTNS-iPS cells and control-iPS cells were incubated in DQ™-BSA for 3 hours and then 

imaged by confocal microscopy.  The number of positive puncta per cell was quantitated 

and their 2D area measured, revealing that CTNS-iPS cells have similar numbers of DQ™-

BSA+ puncta compared to control-iPS cells (average of 5.6 total puncta/cell for CTNS-iPS 

cells s.d = 1.2 and 7.8 total puncta/cell for control-iPS cells s.d = 3.1; Figure 3-11B).  This 

result indicates that the endocytic flux of a fluid phase cargos through the endocytic 

pathway to lysosomes is intact and relatively normal in CTNS-iPS cells.  More large puncta 

(>10 µm2) were found to be DQ™-BSA+ in CTNS-iPS cells compared to control-iPS cells 

(Figure 3-11B).  The total number of large puncta (>5 µm2) that were DQ™-BSA+ was 

less than that detected for Magic Red™ indicating that only a subset of the lysosomes 

detected by Magic Red™ received cargo from the endocytic pathway during the course of 
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the experiment (alternatively only some of the lysosomes may be competent to receive the 

cargo). 

To investigate the involvement of the autophagy pathway, CTNS-iPS and control-iPS cells 

were transduced with CellLight™ LC3B-GFP, which encodes GFP fused to LC3B, a 

ubiquitin-like protein that is initially attached to the autophagosomal membrane (Florey & 

Overholtzer, 2012; Mizushima et al., 2010). CTNS-iPS cells were found to contain 

relatively normal LC3B-GFP+ puncta that were qualitatively similar in size and number to 

those seen in control-iPS cells. Large vesicles (>5 µm2) were not LC3B positive (Figure 3-

9).  

To gain a better appreciation of the morphology and ultrastructure of the enlarged vesicles 

in CTNS-iPS cells, the electron micrographs of the cells were examined in more detail 

(Figure 3-12).  In the perinuclear region, CTNS-iPS cells were found to contain a 

heterogeneous mix of single membrane-bound vesicles (~3 µm2 in 2D area) that contained 

small amounts of electron-dense material and in some cases, intralumenal vesicles (Figure 

3-12C-H). These vesicles may be swollen lysosomes or endolysosomes that have degraded 

most of their cargo but retain electron lucent cystine. Larger vesicles (>5 µm2 in 2D area) 

with single limiting membranes were also found in the perinclear region and more 

peripherally within the cell.  Some of these vesicles were found to be packed with electron-

lucent vesicles that themselves contained vesicles inside vesicles (Figure 3-12C).  Other 

large vesicles (>5 µm2 in 2D area) contained electron-dense partially digested material and 

membrane whorls (Figure 3-12H). As these vesicles also lack double limiting membranes 

it is unlikely that they are enlarged autophagosomes.  Instead, these vesicles are probably 

enlarged endolysosomes that have yet to digest their contents. Taken together these results 

suggest that CTNS-iPS cells display an endolysosomal defect that is characterised by the 

perinuclear clustering of enlarged endolysosomes/lysosomes including large (>5 µm2) 

multivesicular body-like vesicles.  

!  
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Figure 3-9  Examining 
endocytic and autophagy 
pathways 

Representative images of 
live cell staining using 
CellLight™ BacMam 2.0 in 
control-iPS (RiPS) cell line 
and CTNS-iPS cell line (line 
36), detecting early (Rab5a-
GFP) endosomes,  late 
endosomes (Rab7a-RFP), 
and autophagosomes (LC3B-
GFP). Nuclei were stained 
with Hoechst (blue).  Scale 
bar = 5 µm 
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Control-iPS CTNS-iPS CTNS-iPS 

Figure 3-8 LAMP-2 staining in CTNS-iPS cells 

Representative immunofluorescent staining with anti-LAMP-2 antibody (green) localising to 
lysosomes or late endosomes and DAPI (blue) staining nuclei in control-iPS cells (CRI1502) and 
CTNS-iPS cells (line 36).  Arrows indicate enlarged vesicles. Scale bar = 10 µm 
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Figure 3-10  Characterising acidic compartments  

A) Representative images of live fluorescent staining with Magic 
Red™. Nuclei were stained with Hoechst stain (blue).  Top: Scale 
bar = 10 µm. Bottom: Scale bar = 5 µm. Arrows indicate enlarged 
vesicles. B) Quantification of average number of Magic Red™ 
vesicles per cell categorised by ≤ 1 µm2, >1-5 µm2, >5-10 µm2 and 
>10 µm2. Error bars show standard deviation.  * p = 0.047, ** p = 
0.003 (Two-tailed t-test, n=3 single z confocal fields) 
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Figure 3-11 Characterising degradative capacity using DQ™-
BSA 

A) Representative images of live fluorescent staining with DQ™-
BSA (green) in control-iPS (CRI1502) and CTNS-iPS (line 36).  
Nuclei were stained with Hoechst stain (blue). Top: Scale bar = 10 
µm. Bottom: Scale bar = 5 µm B) Quantification of average number 
of DQ™-BSA vesicles per cell categorised by ≤1 µm2, >1-5 µm2, >5-
10 µm2 and >10 µm2. Error bars show standard deviation.  * p = 0.01, 
(Two-tailed t-test, n=3 single z confocal fields) 
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Figure 3-12 Transmission electron microscopy examining CTNS-iPS cell vesicles 

Representative transmission electron microscopy images of CTNS-iPS (line 36; A) cell and control-iPS 
(RiPS; B) cell. Scale bar = 2 µm. Presence of swollen, electron lucent vesicles (D-G), and large 
multivesicular body-like vesicles (C, H) in CTNS-iPS cells. Scale bar = 1 µm 
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3.3.!DISCUSSION(

The data presented in this Chapter describes the characterisation of reprogrammed patient-

specific CTNS-iPS cells and supports the hypothesis that these cells display phenotypes 

associated with cystinosis. The data show that CTNS-iPS cells were successfully 

reprogrammed to a pluripotent state and display many of the classic characteristics of 

cystinosis, including high cystine and cysteine levels, an abnormal GSH/GSSG ratio and 

altered mitochondrial morphology. The accumulation of enlarged 

endolysosomes/lysosomes and multivesicular body-like vesicles indicate that there are 

defects in the endolysosomal compartment.  The discussion will summarise the key 

findings and discuss how they align with other research in the field of cystinosis and 

lysosomal storage diseases.   

3.3.1.!Altered(endoElysosomal(pathway(in(cystinosis(

The major finding presented in this Chapter is that CTNS-iPS cells displayed an abnormal 

endocytic compartment that is predominantly characterised by enlarged endolysosomes 

and lysosomes (LAMP-2+ and Rab7a+) that cluster in a perinuclear region. In addition, 

approximately 25% of the cells develop massively enlarged multivesicular body-like 

vesicles that are most likely Rab7a+ and partially labelled with LAMP-2.  These findings 

agree with studies of human conditionally immortalised cystinotic urine-derived PT cells, 

which exhibit enlarged LAMP-1+ vesicles (lysosomes, late endosomes) and perinuclear 

clustering of LAMP-1+ and EEA1+ early endosomes (Ivanova et al., 2015).  Size analysis 

of the lysosomes (0.1 to 5 µm2) showed that the conditionally immortalised cystinotic 

urine-derived PT cells had a 35% increase in size in comparison to healthy donor cells 

(Ivanova et al., 2015).  Our analysis showed that CTNS-iPS cells contained vesicles larger 

then 10 µm2, suggesting a more severe phenotype.  Additionally, in the study by Ivanova et 

al., (2015), the vesicles under electron microscopy did not reveal formation of 

multivesicular body structures or electron-lucent swollen vesicles, but rather perinuclear 

clustering of electron-dense lysosomes. Raggi et al., (2014) showed that primary Ctns-/- 

mouse PT cells had a perinuclear accumulation of fewer and larger LAMP-1+, LAMP-2+ 

and cathepsin D+ vesicles (lysosomes/late endosomes).  However, the size of the enlarged 

vesicles in their study was significantly smaller than what we found in CTNS-iPS cells 

(Raggi et al., 2014).  The differences in size of the vesicles may be attributed to the 

differences in species and cells being examined together with culture conditions as 
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suggested by others (Vitner, Platt, & Futerman, 2010; M. Wilmer et al., 2011).  

Histological analysis of Ctns-/- mouse 6.5 month kidneys revealed the presence of 

extremely large LAMP-1+ vesicles of at least 5 µm in diameter, making them comparable 

to what we observed in CTNS-iPS cells (Gaide Chevronnay et al., 2014).  Additionally, in 

the mouse these vesicles progressively became larger and ultimately lost their endocytic 

capacity. Under electron microscopy, most of the vesicles were electron-lucent, the 

extremely large were polygonal in shape suggesting presence of crystals and a few were 

smaller with intralumenal electron-dense material and smaller crystal shaped inclusions 

(Gaide Chevronnay et al., 2014).  In cultured cells, cystine crystals have not been shown, 

and we suspect they do not play a role in CTNS-iPS cells.  The presence of large electron-

lucent vesicles as well as large electron-dense vesicles has been shown in human kidney 

biopsies to confirm the diagnosis, however biopsies are not often performed and as a result 

it is difficult to ascertain the endo-lysosomal defects in human PT cells (Joyce et al., 2015; 

Servais et al., 2008). Taken together, these observations indicate that enlargement of 

vesicles of the endolysosomal pathway is a common feature of cystinotic cells, however 

there is variability in the morphology of the vesicles between cells/tissues. 

Other lysosomal storage diseases also show a related phenotype with enlarged perinuclear-

localised vesicles, suggesting this is a common characteristic of altered lysosomal function.  

For instance, in the Pompe mouse, defective in the lysosomal enzyme alpha acid 

glucosidase, there is an accumulation of glycogen in the lysosomes and huge LAMP-1+ 

multivesicular body-like vesicles accumulate in the perinuclear region of skeletal muscle 

cells.  As seen in CTNS-iPS cells, these vesicles contain many smaller intralumenal 

vesicles that are electron-lucent by electron microscopy (Fukuda et al., 2006; Neel, Zong, 

Backer, & Pessin, 2015; Spampanato et al., 2013). In the case of the Pompe mouse, it is 

suggested that these vesicles form by accumulating lipofuscin (an amalgam of undigested 

material) and a similar process may be happening in CTNS-iPS cells.  Niemann-Pick type 

C1 disease is another example of a lysosomal storage disease where late endosomes and 

lysosomes (LAMP-1+ and RAB7+) accumulate in the perinuclear region, as a result of an 

accumulation of unesterified cholesterol in lysosomes (Ko, Gordon, Jin, & Scott, 2001; 

Neufeld et al., 1999). The formation of enlarged perinuclear vesicles can also be induced 

following the loading of normal cells with sucrose, which accumulates in lysosomes and is 

not readily degraded (Bright, Reaves, Mullock, & Luzio, 1997).  This leads to a decrease in 

the number of electron dense lysosomes (mature lysosomes) and a build-up of larger, 
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electron-lucent late endosomes and endolysosomes (Bright et al., 1997). Similar to the 

vesicles observed in CTNS-iPS cells in which little electron-dense material was detected 

inside the vesicle.  These are most likely cystine-loaded endolysosomes and/or lysosomes 

and are also seen in the Ctns-/- mouse (Raggi et al., 2014) and kidney biopsies of cystinotic 

patients (Stokes, Jernigan, & D'Agati, 2008). Together, these studies highlight the common 

feature of many lysosomal storage diseases and support the notion that a build-up of non-

transportable or non-digestible material in the endolysosome/lysosome leads to vesicle 

swelling and perinuclear clustering. 

3.3.1.1.!Proteolytic(activity(of(endolysosomes/(multivesicular(bodyElike(vesicles(

Our data shows that cathepsin B proteolytic activity and DQ™-BSA processing is intact in 

CTNS-iPS cells suggesting that the lysosome is functional and that fluid phase cargo 

trafficking is intact.  Although the kinetics of lysosomal degradation was not assessed, 

others have shown that cystinotic cells display lower proteolytic activity by measuring the 

recovery of Magic Red™ fluorescence after photo-bleaching (Raggi et al., 2014).  

Similarly it has been reported that BSA is abnormally retained in cystinotic PT cells 

indicative of delayed processing in the lysosome (Ivanova et al., 2015). A similar analysis 

could be performed with CTNS-iPS cells, together with co-staining with markers of late 

endosomes and lysosomes, in order to confirm that the enlarged endolysosomes/lysosomes 

have reduced hydrolytic activity.  Lower proteolytic activity has also been reported in 

sialic acid storage disease in which sialic acid accumulates in the lysosomal and endosomal 

compartments and in sucrose loaded normal fibroblasts (Schmid, Mach, Paschke, & 

Glössl, 1999).  Taken together these studies provide evidence that a build-up of 

untransportable or undigested contents in endolysosomes and lysosomes reduces the 

proteolytic activity of lysosomal enzymes.  The reasons for this lower proteolytic activity 

are not clear but may be simply due to steric hindrance of the accumulated material, which 

might slow the kinetics of the hydrolytic reactions.  Other possibilities include changes in 

calcium homeostasis and pH, which are thought to be a contributing factor as they need to 

be tightly controlled for optimal enzyme kinetics (Vitner et al., 2010; Xu & Ren, 2015). In 

the case of cystinosis, cystine is coupled to H+ efflux in lysosomes and it has been 

suggested that defects in Cystinosin could destabilise the fine pH balance (Kalatzis et al., 

2001; Xu & Ren, 2015). Recent reports however, have shown that lysosomal calcium and 

pH in human cystinotic cells are normal (Ivanova et al., 2015; Ivanova, Elmonem et al., 

2016).  Enzymes such as cathepsin B are sensitive to oxidative balance and changes to the 
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GSH/GSSG ratio above 1% oxidised (present in CTNS-iPS cells) have been reported to 

reduce cathepsin B activity and therefore affect lysosome function (Lockwood, 2002).  It is 

therefore reasonable to assume that changes in the cysteine/cystine ratio within the cell 

may also affect enzyme activity.  This could be tested in the future using GFP based redox 

sensors that can be targeted to different endosomal and lysosomal compartments (Dingjan 

et al., 2016; Oku & Sakai, 2012).  

3.3.1.2.!Amino(acid(transport((

CTNS-iPS cells exhibit the expected increase in cystine, much of which will be sequestered 

inside endolysosomes/lysosomes. Cells have the capacity to sense intracellular levels of 

cystine and when depleted, System xc
- is upregulated to bring in more cystine in exchange 

for glutamate (Bannai & Kitamura, 1980; Bannai, 1984a). An increase in cysteine has been 

reported in immortalised cystinotic urine-derived PT cells with levels similar to what we 

found in CTNS-iPS cells (M. Wilmer et al., 2011).  However, others have reported normal 

levels of cysteine in cystinotic fibroblasts and polymorphonuclear leukocytes (E. 

Levtchenko et al., 2005).  These conflicting results might be explained by differences in 

culture conditions and/or the cell types examined, as suggested by Wilmer (2001), as 

different tissues and cell types vary in their ability to transport cystine (Bannai, 1984b). 

We found that other amino acid transporters (SLC7A5/SLC3A2 and SLC1A5) are also 

upregulated in CTNS-iPS cells and this suggests that these cells may be starved for amino 

acids in general.  This is not unexpected given the likelihood that proteolytic activity 

within endolysosomes/lysosomes is reduced, as this would restrict nutrient recycling. The 

perinuclear clustering of endocytic vesicles and lysosomes may also be related to 

starvation stress, as lysosomes are known to cluster in this fashion when nutrient 

availability is reduced (Korolchuk et al., 2011). 

3.3.1.3.!Oxidative(stress(

Our findings show that CTNS-iPS cells have an increased level of oxidised GSH (GSSG), 

which suggests the cells are experiencing oxidative stress.  These results are consistent 

with the increase in GSSG levels reported by others in cultured cystinotic skin fibroblasts, 

immortalised and primary urine-derived PT cells.  Although the level of GSSG observed in 

CTNS-iPS cells is higher than that reported in these other cell lines, this difference could be 

attributed to differences in cell type (Chol et al., 2004; E. Levtchenko et al., 2005; M. 
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Wilmer et al., 2005; M. Wilmer et al., 2011). With high GSSG, we expected to find high 

levels of ROS in CTNS-iPS cells, however, we found that the levels of ROS production (as 

shown by CM-H2DCFDA fluorescence) were comparable to the control-iPS cells. It is 

possible that the higher levels of intracellular cysteine result in more GSH being generated, 

which is supported by CTNS-iPS cells having higher total glutathione (GSH+GSSG) 

levels, and thus the cells have greater capacity to neutralise ROS.  We speculate that even 

though CTNS-iPS cells did not show an increase in ROS production, they are nevertheless 

under increased oxidative stress.  Levels of ROS in cystinotic cells have been reported to 

vary among cell lines and often have not shown an increase. For example, in primary PT 

cells, oxidative stress was not altered under basal conditions and under stimulation with 

H2O2, there was only a significant increase observed when a high dose was used (M. 

Wilmer et al., 2011). While cystinotic cells may cope with elevated oxidative stress under 

in vitro conditions they may struggle in vivo as levels of the serum biomarker 

thiobarbituric acid-reactive substances, a reporter of oxidative damage is elevated in 

nephropathic cystinosis patients (Vaisbich, Pache de Faria Guimaraes, L, Shimizu, & 

Seguro, 2011).  

One of the main sources of ROS in cystinosis may be the mitochondria as it produces 

superoxide through the electron transport chain (Waypa, Smith, & Schumacker, 2016).  

Our electron microscopy analysis of CTNS-iPS cells showed that the mitochondria display 

a fragmented morphology similar to what Sansanwal et al., (2010) reported, suggesting 

that mitochondrial dysfunction may be the source of ROS.  However, in preliminary 

experiments we did not observe any differences in mitochondrial superoxide production 

(MitoSOX) or a reduction in ATP levels in comparison to control-iPS cells, suggesting that 

mitochondrial function and ROS production is not abnormal in CTNS-iPS cells (data not 

shown).  These results may be confounded by the fact that iPS cells predominantly use 

glycolysis rather than oxidative phosphorylation to generate ATP, but nevertheless they 

hint that other sources of ROS may be important (Zhang, Nuebel, Daley, Koehler, & 

Teitell, 2012). While these other sources remain to be determined, endosomes may 

contribute as these are known to generate ROS as part of ligand-receptor signalling 

cascades and membrane bound NADPH oxidase (N. Li et al., 2012).  The ER has been 

suggested as a potential source of ROS in lysosomal storage diseases as disulphide bond 

formation in the ER relies on an oxidative relay and this process is upregulated when 

misfolded proteins accumulate in response to lysosomal dysfunction (Malhotra et al., 2008; 
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Vitner et al., 2010). Reactive species such as OH- cause oxidation/peroxidation of 

intralysosomal material and damage the lysosomal membrane (Kurz, Eaton, & Brunk, 

2010; Persson, 2006; Pourahmad, Khan, & O'Brien, 2001). Once the lysosomal membrane 

is damaged it can leak enzymes that damage mitochondria and induce apoptosis or 

mitophagy. As these phenotypes are found in cystinotic cells and cysteamine is also a 

potent anti-oxidant, it is tempting to speculate that excessive levels of ROS is a major 

contributor to the progression of the disease (Kurz et al., 2010; Sansanwal & Sarwal, 2010; 

Sansanwal et al., 2010).  

3.3.1.4.!Lysosome(reformation(

The formation of enlarged vesicles in CTNS-iPS cells may be indicative of defects in 

membrane recycling after late endosomes fuse with lysosomes.  Under normal conditions, 

so-called ‘lysosome reformation’ leads to a reduction in vesicle size due to fission or 

tubulation events in which the lysosome membrane is retrieved and mature lysosomes are 

reconstituted (Luzio et al., 2007).  Lysosome recycling requires complete degradation of 

the contents of the vesicle (Bright et al., 1997); a state which may be difficult to achieve or 

at the least retarded in cystinotic cells due to a combined reduction in proteolytic activity 

and an accumulation of untransportable cystine. Even though the reformation process is 

not fully understood, studies of the NPC1 lysosomal storage disease have shown that a 

delay in vesicle budding and reformation from the hybrid vesicle in NPC1 deficient cells, 

leads to the formation of enlarged vesicles (Ko et al., 2001).   Additionally, experiments 

using fibroblasts with mutated NPC2 protein (also localised to lysosome and late 

endosomes, with a similar phenotype as NPC1) revealed that the major defect in these cells 

is impairment in the membrane recycling process resulting in the formation of large 

endosome/lysosome hybrid vesicles (Goldman & Krise, 2010). For the autophagy 

pathway, inhibition of degradation in the autolysosomes (resulting from the fusion of the 

autophagosome with a lysosome), leads to formation of enlarged autolysosomes and a 

reduction in lysosome reformation (Wan et al., 2010).  This phenotype is also seen in 

fibroblasts from patients with other lysosomal storage diseases (Fabry disease, 

Aspartylglucosaminuria and Scheie syndrome) (Wan et al., 2010).  While our analysis of 

autophagy in CTNS-iPS cells was not comprehensive, the analysis of the LC3B-GFP 

reporter did not reveal enlarged autophagosomes under basal conditions. Furthermore, one 

might expect that reduced lysosome reformation in cystinotic cells would lead to lower 

lysosome numbers per cell; something we did not detect in our quantification of Magic 
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Red+ puncta. A more detailed analysis of the autophagy pathway and lysosome numbers 

and size is needed in CTNS-iPS cells to determine if these cells display hallmarks of 

abnormal lysosome reformation and membrane recycling. 

3.3.1.5.!The(mTORC1(pathway(

The serine/threonine kinase mTORC1, a major regulator of cell metabolism (reviewed in 

Chapter 1), is regulated by nutrient availability.  One signal is via amino acids, with 

sufficient levels causing mTORC1 to associate with late endosomes and lysosome 

membranes where it becomes activated and stimulates protein synthesis (Flinn, Yan, 

Goswami, Parker, & Backer, 2010; Sancak et al., 2010). Conversely, starvation inactivates 

mTORC1 and releases it from the membrane, thereby inhibiting anabolic processes and 

leads to an activation of autophagy (Y. M. Kim et al., 2015).  Lysosomal positioning 

modulates the intensity of mTORC1 signalling—when lysosomes are peripherally 

localised they enhance mTORC1 signalling while perinuclear clustering of lysosomes 

dampens mTORC1 activity (found in starved cells) (Korolchuk et al., 2011).  This is likely 

to have important consequences in cystinotic cells as the endolysosomes/lysosomes show a 

predominantly perinuclear positioning.  This clustering may be due to the cells being in a 

starved state (due to reduced lysosomal degradation) or alternatively, it could be an 

intrinsic defect in the endolysosomes/lysosomes, such as being swollen, that inhibits their 

ability to relocate to the periphery.  Evidence that lysosome size affects mobility has been 

found for sucrose-loaded lysosomes (Bandyopadhyay, Cyphersmith, Zapata, Kim, & 

Payne, 2014).  In this study the sucrose-loaded lysosomes, which appeared similar in size 

and appearance to the enlarged vesicles we observe in CTNS-iPS cells, showed a reduced 

ability to diffuse throughout the cell.  The larger the lysosome the less capable it was of 

diffusing.  Furthermore, lysosomal clustering appears to inhibit motion.  Based on these 

findings, mTORC1 signalling should be dampened in CTNS-iPS cells and recent studies by 

Andrzejewska et al., (2015) and Ivanova et al., (2016) support this notion by showing that 

mTORC1 does not readily reassociate (and become re-activated) with the lysosomal 

membranes following a period of starvation in immortalised cystinotic PT cells.  While 

Andrzejewska et al., (2015) suggest that this is due to their finding that Cystinosin 

physically interacts with various components of the mTORC1 activation complex, we 

speculate that it may also be due to the swollen lysosomes in cystinotic cells having 

reduced rates of diffusion to the periphery (where mTORC1 becomes most active).  This 

hypothesis could be tested in future experiments by examining if forcing lysosomes to the 
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periphery by overexpression of ARL8B, which regulates lysosome movements out of the 

perinuclear region and has shown to induce mTORC1 localisation to the lysosomes and 

activity (D. E. Johnson et al., 2016; Khatter, Sindhwani, & Sharma, 2015) could rescue the 

delay in mTORC1 re-activation seen in cystinotic cells.  Arguing against this hypothesis is 

the finding that Andrzejewska et al., (2015) could not rescue the mTORC1 re-activation 

defect with a two-hour pre-treatment with cysteamine. However, it has yet to be shown that 

such a treatment results in the shrinkage of vesicles and disperses the lysosomes.  Indeed, 

our data suggests that some of the very large multivesicular body-like vesicles are filled 

with lipids/membranes and these may be unaffected by cystine-depleting agents.   

Further support for compromised mTORC1 signalling in cystinotic cells comes from Rega 

et al., (2016) with the observation that the TFEB transcription factor is abnormally 

translocated to the nucleus in conditionally immortalised cystinotic urine-derived PT cells.  

When mTORC1 is inactivated, TFEB is able to translocate to the nucleus where it 

upregulates genes involved in lysosomal biogenesis and autophagy (Settembre et al., 2012; 

Settembre et al., 2011).  However, as with other facets of cystinosis research, there are 

contradictory findings in the field.  Napolitano et al., (2014) did not find that mTORC1 

activity was impaired in neonatal skin fibroblast cells from Ctns-/- mice and found no 

changes in macroautophagy flux.  In our study, we found that CTNS-iPS cells did not show 

a qualitative increase in the number or size of autophagic LC3B+ vesicles that would 

indicate compromised mTORC1 signaling.  Preliminary Western blot analysis by Dr 

Jennifer Hollywood in the laboratory has found that mTORC1 activity in CTNS-iPS cells 

(during normal and after a period of starvation) does not consistently show the delayed re-

activation kinetics reported by Andrzejewska et al., (2015) and Ivanova et al., (2016).  One 

possibility is that this variation in mTORC1 response is related to heterogeneity in the 

lysosomal swelling between CTNS-iPS cells and/or the nutritional state they are in when 

the experiment is performed (these factors may also be responsible for contrary results 

seen in other studies).  We found that only ~25% of the CTNS-iPS cells display super-

enlarged endolysosomes/lysosomes.  Perhaps it is only in this minority of severely affected 

cells that defects in mTORC1 activity and increased autophagy will be apparent and 

follow-on experiments could focus more on these cells.   
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3.3.2.!Limitations(and(future(directions(

A limitation of the current study has been the analysis of one CTNS-iPS cell line in detail. 

Natural heterogeneity in iPS cell lines is known to increase phenotypic variability, which 

may have contributed to the limited number of cells with the disease phenotype that we 

observed (Merkle & Eggan, 2013). Detailed analysis of multiple cystinotic cell lines is 

necessary to validate our findings.  To further reduce variability between cell lines, use of 

gene editing tools such as the CRISPR-Cas9 system to introduce cystinosis specific 

mutations into the control-iPS cell lines to generate isogenic controls can be employed.  

Alternatively, correction of the gene mutation can be employed in the CTNS-iPS cells to 

test disease specific phenotype.  Other techniques can be utilised such as nano-gold 

labelled BSA to be able to study endocytosis by electron microscopy and follow lysosome 

fusion (Bright et al., 1997).  The nano-gold BSA could be used together with immuno- 

electron microscopy for organelle specific markers and traced over time to determine if 

there is a delay in fusion, and reformation.  To further examine if the autophagy pathway is 

implicated in the CTNS-iPS cells, transducible fluorescent constructs such as mRFP-GFP-

LC3 can be used to determine the ratio between autophagosomes and autolysosomes 

(Napolitano et al., 2015).  Exposing CTNS-iPS cells to amino acid starvation or other 

environmental stressors such as increase protein load, to examine formation of the large 

endolysosome/multivesicular body-like vesicles and susceptibility of cystinotic cells to 

undergo apoptosis under these conditions, would further enhance our understanding of the 

disease pathway.  Furthermore, lysosomal membrane permeabilisation and the effect of 

ROS can be analysed with the use of ZnO nanoprobes, which are conjugated to 

fluorophores and a cathepsin specific substrate.  They enter through the endocytic pathway 

and accumulate in the lysosomes, allowing for live monitoring of lysosomal membrane 

permeabilisation (Gao et al., 2014). Finally, PT cell death starts to occur from 

approximately 6 months of age in affected individuals, hence to better understand the 

molecular mechanisms and confirm our observations in iPS cells, differentiating CTNS-iPS 

cells into PT cells would be the next step forward in studying cystinosis. 
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Chapter 4.!Formation(of(PTElike(cells(from(human(iPS(
cells(

4.1.!Introduction(

Current models to study PT cell biology have largely focused on using immortalised cells 

or primary cells isolated from kidneys. These cells have major drawbacks: immortalisation 

leads to a loss of the PT cell phenotype, increased proliferation and signs of 

dedifferentiation (down-regulation of transporters) (Fauth et al., 1991; Kowolik, Liang, 

Yu, & Yee, 2004; Ryan et al., 1994), while the use of primary cells is labour intensive and 

limited by their low subculture potential (Legouis et al., 2015). We sought to address these 

limitations by developing an in vitro protocol to derive cells with a PT-like phenotype from 

iPS cells, with the goal of ultimately studying cystinosis. 

PT cells have an important homeostatic role in the kidney, being responsible for 

reabsorbing approximately 66% of the total filtered load back into the circulation (Zhuo & 

Li, 2013). This includes water, glucose, proteins, amino acids, and various electrolytes. PT 

cells are also involved in the regulation of blood pressure, acid/base homeostasis, 

gluconeogenesis and drug metabolism (Zhuo & Li, 2013). To carry out these functions 

they exhibit a number of morphological adaptations. One such feature is an apical brush 

border, which significantly increases the luminal surface area, allowing for more efficient 

reabsorption (Lash, 2011; Zhuo & Li, 2013). A number of transporters are present on the 

brush border that aid in transport of solutes across the membrane (Nishimura & Naito, 

2005; Suzuki et al., 2011). In order to meet their high endocytotic and energy demands, PT 

cells have a well-developed lysosomal transport system, a greater number of mitochondria 

and a more extensive golgi apparatus than other kidney cells (Lash, 1994; Lash, 2011; 

Ryan et al., 1994; Surendran, Vitiello, & Pearce, 2014). Given their critical role in renal 

function, it is unsurprising that a wide array of kidney diseases first manifest as PT 

disorders. In addition to cystinosis, other examples include renal tubular acidosis, 

phosphate wasting syndromes, Dent's disease, and cystinuria (Broodbank & Christian, 

2014; Klootwijk et al., 2015; Marzolo & Farfan, 2011). The ability to generate PT cells in 

vitro will provide a valuable new tool to study cystinosis and these other PT disorders, for 

which many have no cure, and will also lead to a better understanding of native PT 

function and development. 
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This Chapter describes the step-wise development of a protocol, initially designed to 

generate nephron progenitors, but then further adapted to form PT cells from iPS cells. 

Hypothesis 

I hypothesised that iPS cells could be used to generate PT cells in vitro.   

Specific aims 

•! To explore other published protocols as a means to generate nephron progenitors 

from human iPS cells. 

•! To generate and characterise the differentiated PT cells. 

•! To purify and maintain PT cells in culture. 

! !
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4.2.!Results(

Initial attempts to develop a protocol to derive PT cells from iPS cells were aimed simply 

at generating cells with a nephron progenitor-like phenotype.  As this had not been 

accomplished at the time these studies began, we started with a protocol published by 

Lengerke et al., (2008), which generated blood cells from mouse embryonic stem cells but 

unexpectedly, it also lead to the upregulation of the nephron progenitor markers Odd1 and 

WT1 (Lengerke et al., 2008). We explored this protocol using control-iPS cells (RiPS and 

CRI1502) and found that while OSR1 expression was indeed induced, it did not robustly 

activate the expression of PAX2 and SIX2, two additional markers of nephron progenitors 

(data not shown).  We therefore abandoned this approach. During this time it was reported 

that treating iPS cells with Activin A, BMP7 and the small molecule Wnt agonist 

CHIR99021 (CHIR) induces intermediate mesoderm (the precursor to the kidney; Mae et 

al., 2013).  To explore this as an alternative starting point, we first examined how well this 

cocktail of growth factors induced mesoderm, endoderm, and renal progenitor markers 

from our control-iPS cells (RiPS). 

Embryoid bodies were grown for up to 6 days in serum containing medium supplemented 

with Activin A (10 ng/mL), CHIR (3 µM), BMP7 (2.5 ng/mL) and BMP4 (25 ng/mL; 

additionally included based on the use of this BMP by Lengerke et al., 2008). On each of 

the days, RNA was isolated from triplicate wells containing embryoid bodies (>50 per 

well), cDNA synthesised (OriGene 1st Strand cDNA Synthesis) and marker expression 

analysed by qPCR (Figure 4-1A). The pan-mesoderm markers BRACHYURY T and 

MESP1, as well as WT1, OSR1, SIX2 and PAX2, were found to peak at days 2-3 of culture, 

suggesting that this was an optimal time-point to harvest the embryoid bodies for maximal 

yields of mesoderm and early kidney progenitors (Figure 4-1B, D). Reduced expression of 

the renal markers at later days may be indicative of the nephron progenitors differentiating 

into more mature kidney cell types. The growth factor cocktail did not specifically induce 

mesoderm destined to form the kidney as there was a steady increase in the expression of 

the cardiac mesoderm marker GATA4 (Figure 4-1B) and biphasic peaks of expression in 

the early endoderm markers FOXA2 and SOX17 (Figure 4-1C). Taken together, these 

observations showed that the Activin/CHIR/BMP cocktail induces mesoderm (including 

the intermediate mesoderm and cardiac mesoderm) and some endoderm by 3 days in 

culture. 
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During this stage of the protocol development, a method for the differentiation of human 

ES cells into a monolayer of PT cells was published (Narayanan et al., 2013). This protocol 

involved growing human ES cells in commercial renal epithelial growth medium (REGM – 

Lonza) supplemented with BMP2 (10 ng/mL) and BMP7 (2.5 ng/mL). Unlike our 

protocol, no embryoid body step was involved. While some of the resulting cells expressed 

mature PT cell markers such as AQUAPORIN 1 (AQP1), CDH16 and CYP27B1, others 

were downregulated (MEGALIN/LRP2 and SGLT2/SLC5A2). Furthermore, the cultures 

were not pure and could not be passaged (Narayanan et al., 2013). Therefore, we 

considered this protocol to be a step in the right direction but still requiring optimisation.   

Continuing with our protocol development, we proceeded to test the effects of BMP2 and 

BMP7 on the presumptive nephron progenitor cells generated from our 

Activin/CHIR/BMP treatment (referred to as ‘Stage 2’; Figure 4-2) in the hope of coaxing 

them to differentiate into PT cells. Embryoid bodies at day 3 (when renal progenitor 

markers were peaking) were dissociated into single cells and then seeded onto Geltrex® 

coated plates and serum-free medium containing BMP2 (10 ng/mL) and BMP7 (2.5 

ng/mL). In addition, we elected to also include CHIR (3 µM), as Mae et al., (2013) found 

this helped with intermediate mesoderm differentiation, and we cultured the cells for up to 

15 days (referred to as ‘Stage 4’, Figure 4-2).  To determine if our protocol was able to 

generate PT-like cells, we immunostained the cells for AQP1 on days 5, 10, and 15 (>3 

independent experiments were performed at each stage; Figure 4-3A). While a small 

fraction (~13%) of cells were found to be AQP1+ at day 5, this increased by day 10 and by 

day 15, flow cytometry quantification showed that >75% of the cells were AQP1+ on day 

15 (Figure 4-3B). Positive staining with Lotus tetragonolobus lectin-FITC (LTL, a PT-

specific marker) was also observed on day 5 and day 15 (Figure 4-4). qPCR analysis on 

day 15 cells showed that the cultures expressed several PT markers (AQP1, GGT, 

MEGALIN/LRP2, SLC5A2 and CYP27B1), consistent with our protocol being capable of 

generating PT cells (Figure 4-5).  

To determine whether the PT-like cells could maintain their phenotype in culture for 

extended periods of time and to more specifically analyse marker expression, PT-like cells 

at day 7 were stained with LTL and purified by fluorescence activated cell sorting (FACS) 

(Figure 4-6A, B). 43% of the cells at this stage were found to be LTL+ (Figure 4-6B).  

Total RNA was extracted from ~25,000 LTL+ cells (for qPCR analysis) and the remaining 

LTL+ cells (~160,000) were cultured in REGM supplemented with BMP2 (10 ng/mL) and 
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BMP7 (2.5 ng/mL) for up to 28 days. These day 28 cells were then collected for qPCR 

analysis. The following panel of PT markers was examined in day 7 and day 28 cells by 

qPCR: MEGALIN/LRP2, CDH16, SLC5A2, SLC22A12, SLC22A13, NAPSA, CYP27B1. 

With the exception of MEGALIN/LRP2, which was significantly downregulated in day 28 

cells, the expression of the remaining markers was maintained in day 28 cells, although 

some showed reduced levels compared to day 7 cells (Figure 4-6C). Attempts to passage 

the purified LTL+ cells were not successful; the cells attached to the plate but did not 

expand (data not shown). This is consistent with previous studies that showed that 

endogenous PT cells are difficult to subculture (Miller, 1986).  Taken together, these 

findings show that iPS cells differentiated with our protocol express PT specific markers, 

can be purified using LTL and cultured for up to 28 days without significantly losing their 

PT identity.  

!  
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Figure 4-1  qPCR analysis over 6 days for expression of various lineage markers in 
embryoid bodies 

A) Schematic of the protocol.  iPS cell colonies were placed into serum containing medium 
supplemented with Activin A, CHIR, BMP7 and BMP4 in ultra-low attachment plates to 
generate embryoid bodies over a 6 day period.  On each day embryoid bodies were collected 
into TRIzol® for cDNA synthesis and qPCR analysis for B) mesoderm markers C) endoderm 
markers D) nephron progenitor markers.  Expression levels are normalised to undifferentiated 
iPS cells (RiPS).  Error bars represent standard deviation of 3 biological replicates. 
Abbreviations; D, day 

Figure 4-2  Schematic of the kidney PT-like cell protocol 

iPS cell colonies were dissociated and seeded into serum containing medium 
supplemented with Activin A, CHIR, BMP7 and BMP4 over 3 days in ultra-low 
attachment plates to form embryoid bodies (Stage 2). On day 3 embryoid bodies were 
dissociated into single cells (Stage 3) and seeded onto Geltrex® coated tissue culture 
plates with serum free medium containing knock out serum replacement (KOSR), and 
supplemented with CHIR, BMP7 and BMP2 (Stage 4).  Cells were cultured in this 
medium until analysis. 
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Figure 4-3 Time course analysis of AQP1 in PT-like differentiated cells  

A) Representative immunofluorescent images of differentiated PT-like cells labelled 
with AQP1+ (green) and nuclei with DAPI (blue) on days indicated. 40x magnification 
B) Flow cytometry analysis of day 15 cells (n=4 independent experiments). Error bars 
represent standard deviation. 

Day 5 Day 15 

Figure 4-4  LTL expression in PT-like differentiated cells  

Representative immunofluorescent images of differentiated PT-like cells at days 
indicated, labelled with LTL-FITC conjugated (green) and nuclei with DAPI (blue).  
40x magnification. 
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Figure 4-6 LTL+ PT-like cells express PT cell-specific markers 

A) Representative confocal immunofluorescent images on day 7 (unsorted), labelling cells 
with LTL-FITC, LRP2 and AQP1 (green). Scale bar = 20 µm B) FACS analysis of LTL+ 
isolated cells on day 7, fluorescence intensity shown on x-axis and cell numbers on y-axis. 
C) qPCR analysis of LTL+ sorted cells on day 7 and compared with maintained cells in 
culture until day 28 (purified cells were maintained in REGM BMP2/BMP7 after LTL+ 
isolation). Error bars represent standard deviation of 3 technical replicates (n=1). 
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4.3.!Discussion(

This Chapter presents the development of a protocol to culture monolayer of PT-like cells.  

Findings from this data support my hypothesis that human iPS cells can be used to 

generate PT-like cells in vitro. The evolution of this protocol has generated a fast, efficient 

and reproducible method of creating PT-like cells that offers a useful tool for scientists to 

study PT cell biology, to model disease, and for screening of drugs for possible clinical 

applications. The discussion will outline the major trends in the findings and describe how 

the steps in the assay came to generate the PT-cell fate, and how the assay compares with 

the other protocols and available cell lines. 

4.3.1.!Protocol(development(

Starting with the Mae et al. protocol, we found that a cocktail of Activin A/CHIR/BMPs 

together with the growth factors in serum induced the formation of embryoid bodies that 

expressed the mesodermal markers, MESP1 and BRACHYURY but relatively lower levels 

of the endoderm markers FOXA2 and SOX17.  These results suggest that the protocol may 

preferentially induce mesoderm over endoderm.  The dose of Activin A is likely to be 

critical for determining the ratio of mesoderm versus endoderm as studies in frogs have 

shown that low concentrations (< 1 ng/mL) induce ventral mesoderm populations (such as 

blood and mesenchyme) while at high doses (>50 ng/mL) can induce both mesoderm and 

endoderm (Ariizumi, Komazaki, & Asashima, 1999; Green & Smith, 1990; Okabayashi & 

Asashima, 2003).  The concentration of Activin A selected by Mae et al., (10 ng/mL) was 

most likely chosen based on prior studies in mouse ES cells where this dose was found to 

induce the expression of the early mesoderm marker Brachyury T and the intermediate 

mesoderm/kidney markers, Pax2, Wt1 and Wnt4, (Vigneau et al., 2007).  In our variation 

of the Mae protocol, we also included serum, which contains growth factors that can also 

induce Brachyury T at the expense of endoderm (Kubo et al., 2004). While the 

concentrations of Activin A and serum are undoubtedly critical, another factor to consider 

with regard to the ratio of mesoderm versus endoderm are the iPS cells themselves, as 

different ES and iPS cell lines can have an intrinsic bias for different germ layers (Boulting 

et al., 2011; Melton et al., 2008; Merkle & Eggan, 2013).   

We found that the expression of OSR1, SIX2, WT1 and PAX2 was induced within a few 

days of culture suggesting that nephron progenitors arose from the mesoderm relatively 

rapidly. These cells most likely arose from a subset of BRACHYURY T+ mesoderm as prior 
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in vitro and in vivo studies have shown that the purification of Brachyury T+ cells from 

mouse ES cells are enriched for kidney markers and lineage-tracing experiments in mice 

have demonstrated that kidney progenitors descend from late-arising (posterior) Brachyury 

T+ mesoderm (Taguchi et al., 2014; Vigneau et al., 2007).  The role of the other factors in 

the cocktail (BMPs and the Wnt agonist CHIR) and how they interact with BRACHYURY 

T+ mesoderm is less clear as the developmental processes controlling early kidney 

formation have yet to be fully elucidated.  However, work in zebrafish and Xenopus 

embryos have shown that BMPs and Wnts cooperate to specify posterior mesoderm, which 

is the precursor to the intermediate mesoderm and renal lineage (Marom, Fainsod, & 

Steinbeisser, 1999; Szeto & Kimelman, 2004).  Wnts and BMPs also play a second key 

role once nephron progenitors are formed with Wnt9b, Wnt4, and Bmp7 mutant mice 

showing major defects in nephrogenesis (Archdeacon & Detwiler, 2008; Carroll et al., 

2005; Larman et al., 2012; Oxburgh, Chu, Michael, & Robertson, 2004; Raatikainen-

Ahokas, Hytonen, Tenhunen, Sainio, & Sariola, 2000; Vukicevic, Kopp, Luyten, & 

Sampath, 1996).  Thus, it is reasonable to conclude that the combined effect of Activin A, 

BMPs, CHIR and serum is to induce iPS cells to differentiate into mesoderm with a 

posterior character, of which some cells will form intermediate mesoderm and adopt a 

renal progenitor identity.   

Reports from other stem cell differentiation assays support these findings.  For example, 

Activin A together with retinoic acid and BMP7 in mouse ES cells induces intermediate 

mesoderm-like fate with expression of Osr1 and Wt1 (D. Kim & Dressler, 2005; Oeda et 

al., 2013).  Nishikawa et al., (2012) used a combination of Activin A, BMP4 and lithium 

(as a replacement for Wnt signalling) in a three-stage monolayer culture to induce 

intermediate mesoderm in mouse ES cells. The first stage involved significant induction in 

Brachyury T expression, and upon extended culture further induction of intermediate 

mesoderm markers such as Wt1, Pax2 and Lim1 (Nishikawa et al., 2012).  Taguchi et al., 

(2014) showed that both mouse and human ES cells can be differentiated into OSR1+ 

nephron progenitors using CHIR and BMP4.  Furthermore, optimum doses are necessary 

for the maintenance of nephron progenitors, as higher concentrations of CHIR and BMP7 

lead to a reduction in nephron progenitor numbers and differentiation (Tanigawa, Taguchi, 

Sharma, Perantoni, & Nishinakamura, 2016).  
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It is unlikely that posterior mesoderm is the only type of mesoderm formed in our protocol, 

as we also detected expression of GATA4 and MESP1, which are involved in heart 

formation (a more anterior mesoderm derivative) (Bondue et al., 2008).  Having a mixed 

population of cells is not ideal, as this will lead to heterogeneous cultures with multiple 

tissue types and possibly introduce variation from assay to assay. Despite our modified 

Mae protocol successfully inducing posterior mesoderm derivatives, data presented in 

Chapter 5 show that this is not the only route in which iPS cells can be coaxed to form 

kidney cells, as high concentrations of CHIR alone (8 µM) induce the formation of 

complete kidney organoids. 

Based on the Narayanan study, we incorporated a third stage to our protocol that involved 

treating the Activin/CHIR/BMP-induced cells with BMP2, BMP7, and CHIR. We found 

that this led to the differentiation of the presumptive nephron progenitors into AQP1+ cells, 

starting as early as 5 days, which is similar to what Narayanan et al., (2013) showed. 

However, our protocol generated a significantly higher yield of AQP1+ cells compared to 

the Narayanan protocol (~75% versus ~30%). We also showed that the expression of the 

PT markers MEGALIN/LRP2 and SLC5A2 in our cells were significantly higher than that 

reported by Narayanan et al., (2013).  Specifically, we found that our PT-like cells express 

MEGALIN/LRP at levels that were >100 fold higher than iPS cells compared with <1 fold 

higher in the Narayanan protocol.   

Why CHIR and BMP treatment induces PT cell fate is not known.  However, during 

kidney organogenesis Wnt and BMP signalling are critical drivers of epithelialisation. 

Wnt9b is active during the induction phase of tubulogenesis via paracrine signalling from 

the ureteric bud to the nephron progenitors and stimulates the formation of pre-tubular 

aggregates then renal vesicles (balls of renal epithelial cells).  The related factor, Wnt4, is 

induced in the renal vesicle and also promotes epithelialisation (Carroll et al., 2005). 

Furthermore, a gradient of Wnt expression is present along the developing nephron, with 

lower concentrations stimulating PT identity (Lindstrom et al., 2015).  Both BMP2 and 

BMP7 are expressed in PT cells, with BMP2 being most enriched, and may interact with 

the Notch pathway to drive PT proliferation (Larman et al., 2012; Lindstrom et al., 2015).  

The purification of AQP1+ cells was not possible as the available antibodies recognise an 

intracellular epitope.  To overcome this, FITC-conjugated LTL was used; a lectin that 

binds to glycoconjugates on the surface of PT cells (Faraggiana, Malchiodi, Prado, & 
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Churg, 1982; Hennigar, Schulte, & Spicer, 1985). The fraction of LTL+ cells in the 

cultures at day 7 was lower than that found for AQP1+ cells, which may be due to LTL 

being a label of mature PT cells that have started to form a brush border (Marciano et al., 

2011). AQP1 is expressed from approximately 12 weeks of gestation (at roughly the onset 

of glomerular filtration) in endogenous PT cells, with increasing expression as 

development progresses (Devuyst et al., 1996).  Though it is most highly expressed in the 

kidney, it is also expressed in a variety of endothelial and epithelial tissues (Mobasheri & 

Marples, 2004). As such, it cannot be ruled-out that some of the AQP1+ cells generated in 

our protocol may be of another epithelial or endothelial origin. Additionally, the AQP1- 

cells could constitute cell types exhibiting other kidney tubule characteristics such as the 

distal tubule, or other supporting cell types such as interstitial fibroblasts.  Mae et al., 

(2013) in their monolayer differentiation protocol showed that the cells not only 

differentiated into kidney cells but also into gonad, adrenal and smooth muscle cells.  

Thus, further characterisation of the other cell types is needed, and could be investigated in 

the future by immunofluorescent or flow cytometry analysis with markers such SLC12A1 

and CDH1 (distal tubule), AQP3 (collecting duct), collagens and vimentin (fibroblasts), 

and CD9 (renal fibroblasts) (Thedieck et al., 2007).  To overcome the limitations of the 

heterogeneity of the cultures, LTL+ PT cells were purified by FACS, providing a highly 

selective means to isolate mature PT-like cells. These LTL+ cells exhibited a PT-like cell 

identity, expressing PT specific markers such as CDH16, SLC5A2 and NAPSA and they 

maintained their identity for up to 28 days in culture.  It was not assessed whether these 

cells form a brush border but this could be examined in follow-on experiments by electron 

microscopy. 

One of the main issues with primary PT cells is their purity, as it is difficult to isolate just 

the proximal segment of the tubule (Van der Biest, Nouwen, Van Dromme, & De Broe, 

1994).  Primary human PT cells are difficult to culture and are usually able to be passaged 

only once or twice (Detrisac, Sens, Garvin, Spicer, & Sens, 1984).  They often have 

difficulty attaching to plastic and as a result come off easily.  Low attachment may be 

attributed to the low serum or serum free medium, which serves to reduce fibroblast 

contamination (Taub, 1997).  As a result, the isolation of primary PT cells is problematic if 

a steady source of cells is needed.  While immortalised cells overcome these culturing 

challenges, they generally do so at the expense of  functionality.  Studies have shown that 

HK-2 cell line (immortalised PT cells) inappropriately express some markers such as 
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AQP3, and do not respond to nephrotoxic drugs as well as primary cells (Desrochers, 

Palma, & Kaplan, 2014; Gunness, Aleksa, Kosuge, Ito, & Koren, 2010; Huang et al., 

2015).  The LTL+ cells generated by our protocol comprise a highly pure population that 

maintain expression of specific markers for an extended period of time.  This is an advance 

over existing primary and immortalised cells, as it provides a limitless source of cells and 

expression profile that is more representative of in vivo PT cells than the immortalised 

cells. Additionally, our protocol is a lot less labour intensive over primary cell cultures.  

Further protocol development is needed to improve the propagation of our cells.  For 

instance, incorporating different PT growth factors (HGF, IGF1) or small molecules may 

help induce proliferation following LTL purification.  The use of culture membranes may 

help increase nutrient absorption from the basolateral layer and provide a more 

physiological environment for growth. Providing supporting or feeder cells, such as 

peritubular endothelial cells which are normally closely opposed to PT cells, beneath the 

membrane may also improve cell survival and expansion (Tasnim & Zink, 2012). Use of 

different matrices for PT-like cells to attach to eg, collagen or laminin could also be tested 

(Montesano, Schaller, & Orci, 1991).   

To further characterise the cells in our assay, functional analyses need to be performed in 

the future.  Narayanan et al., (2013) showed that the AQP1+ cells produced γ-glutamyl 

transferase (GGT), ammonia and responded to parathyroid hormone by releasing cyclic 

adenosine monophosphate (cAMP).  The cells also had the ability to transport water as 

shown by calcein-AM (fluorescent dye) (Narayanan et al., 2013; Solenov, Watanabe, 

Manley, & Verkman, 2004).  Narayanan et al., (2013) also developed an ex vivo test for 

their PT cells that involved injecting AQP1+ cells into excised newborn mouse kidneys, 

upon which the cells incorporated into the tubules.  These assays will be useful to replicate 

with the LTL+ cells generated from our protocol.  Other ways to assess cell function could 

include seeding them into flow-stimulated bioreactors, which mimic cellular sheer stress in 

a similar way as the kidney tubule (Raghavan & Weisz, 2015).  In these experiments, the 

cells are seeded into a hollow, small tube-like device, which enables medium to flow over 

the apical surface of the cells.  Under these conditions cells have been shown to form a 

more prominent brush border and upregulate their endocytic capacity and basolateral 

transporters (Jang et al., 2013; Jansen et al., 2016).  Analysis of the transcriptome of these 

cells (by RNA-seq) and comparing to native PT cells, may also provide insight into how 

similar these cells are to endogenous PT cells.  Should these improvements be met and 



!

! 82!

transcriptomic analysis indicate that these cells are closely related to PT cells, then our 

ability to understand PT cell biology and disease will undoubtedly be improved. 

4.3.2.!Potential(applications(

A primary goal of developing our protocol was to generate PT cells from patients with 

cystinosis.  PT dysfunction is one of the main features of cystinosis, for which the cause is 

undetermined. In preliminary experiments, using PT cells generated from CTNS-iPS cells 

and control-iPS cells we detected no differences in PT marker expression (data not shown).  

However, future work is needed to investigate the endocytic and autophagy pathways, and 

mTORC1 signalling in CTNS-PT-like cells.  The main advantage of this assay over 3D 

organoid methods (presented in Chapter 5) is that the PT-like cells can be grown on 

confocal dishes without disruption, and can be assayed with live fluorescent dyes. 

Applying these techniques to organoids will be a challenge, as PT cells would need to be 

isolated, posing similar problems to primary cells.  The disadvantage however, is that the 

cells are not in a tubular 3D morphology, and therefore may have altered expression of 

some markers (although this would need to be confirmed).   

The PT-like cells can also be used to study pharmacological nephrotoxicity.  As previously 

mentioned, clinical trials fail due to kidney toxicity, and there is no reliable models for 

predicting nephrotoxicity of drugs in vitro (Y. Li et al., 2013).  Previous studies have used 

both primary and immortalised cells in drug panels to evaluate their responsiveness to 

known and potentially new nephrotoxic drugs, based on upregulation of inflammatory 

markers such as interleukins and kidney specific KIM-1 and NGAL (Caetano-Pinto et al., 

2016; Finesilver, Bailly, Kahana, & Mitrani, 2014; Y. Li et al., 2013; Y. Li et al., 2014). 

Nephrotoxic testing can be facilitated by using microfluidic devices, as mentioned earlier.  

In preliminary experiments with Bryon Wright and the Microfab lab (University of 

Auckland), we tested a microfluidic device by seeding iPS cell-derived PT-like cells into 

it.  The cells attached well, although in low numbers.  One of the difficulties was getting 

enough cells into the device due to the constant fluid pressure.  As a proof of principle, we 

tested the effects of gentamycin on the PT-like cells in the device and demonstrated an 

increase in cell death similar to what has been previously published (Y. Li et al., 2014).  

This experiment demonstrates that with further optimisation, the PT-like cells and 

microfluidic devices can be used to study nephrotoxicity and this would be a major 

advance for drug development. 
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Chapter 5.!Developing(kidney(organoids(

5.1.!Introduction(

Chapter 4 focused on developing a protocol for generating a monolayer of cells with PT-

like phenotype. Monolayer (2D) culture uses coated plastic or glass to facilitate cell 

attachment and outgrowth.  The adherent cells are bathed in medium containing nutrients 

to support growth. As such, monolayer culture usually involves cells being in contact only 

with the adjacent cells. Due to the medium being static in this type of culture, the 

availability of nutrients and oxygen is a limiting factor. Cells under these conditions also 

require passaging to enable cell growth, which can lead to altered morphology and fate. 

Thus, monolayer culture is less physiologically representative of the in vivo niche (Antoni, 

Burckel, Josset, & Noel, 2015; Griffith & Swartz, 2006; Hess et al., 2010; Zhou et al., 

2016). In comparison, in vivo cells are naturally within a 3D environment and receive cues 

from neighbouring cells, extracellular matrix, connective tissue, morphogenic gradients 

and the basement membrane. The aim of in vitro studies is to replicate these conditions as 

much as possible.  

During the course of performing the work outlined in Chapter 4, it was serendipitously 

discovered that one of the growth factor combinations tested generated self-organising 

kidney organoids instead of a PT monolayer.  Importantly, these organoids could be 

cultured in spinner flasks, facilitating the homogenous mixing of the medium and diffusion 

of oxygen (Hansmann, Groeber, Kahlig, Kleinhans, & Walles, 2013). As this breakthrough 

provides another way to model cystinosis, free from many of the limitations of adherent 

culture mentioned above, it became a major focus of my PhD research.  This Chapter 

describes the optimisation of this protocol and a characterisation of the renal tissue that 

forms in the kidney organoids. 

(  
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Hypothesis 

My hypothesis was that kidney organoids could be generated in vitro from human iPS cells 

using the embryoid body assay (described in Chapter 1), and that stirred suspension 

bioreactor culture would enhance maturation of nephrons. 

Specific aims 

•! To optimise cell culture conditions and generate kidney organoids that can be 

maintained in a stirred suspension bioreactor. 

!  
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5.2.!Results(

5.2.1.!Generating(kidney(tubules(in+vitro(

During the course of experimenting with the protocol in Chapter 4, we discovered that 

treating iPS cells with serum and CHIR (8 µM) for 3 days followed by dissociation of the 

resulting embryoid bodies and culture in serum free medium containing BMP2 (10 ng/ml), 

BMP7 (2.5 ng/ml) and 3 µM CHIR, resulted in the re-aggregation of the cells into 

distinctive clumps (Figure 5-1).  By day 10, these clusters had formed tubule-like 

structures (red arrow in Figure 5-1), as shown in phase contrast image with approximately 

50 structures per well of a 6-well plate (Figure 5-1).  To determine if the clusters expressed 

kidney markers, immunofluorescence staining was performed on the tissue at day 10 (in 

whole mount) with antibodies to the renal transcription factors HNF1!, PAX2 and WT1 

(Figure 5-2A). These markers were found to label renal vesicle-like and tubular structures, 

consistent with the cells having a renal identity. Additional LTL staining at day 10 

revealed the presence of short tubules with PT identity in some of the clusters (Figure 5-

2A). More prevalent and longer LTL+ PT segments were found at day 14 with signs of 

more advanced maturation (loss of PAX2 and upregulation of apically localised 

Megalin/LRP2; Figure 5-2B). 

To further determine if the tubular structures contained a lumen and were segmented into 

proximal and distal segments, day 18 clusters were cryosectioned and immunostained for 

LTL (PT segment) and CDH1 (distal tubule and/or collecting duct (Dahl et al., 2002; 

Georgas et al., 2009)).  The tubules were found to have patent lumens (white arrow in 

Figure 5-3) and in general there was a lack of co-staining of LTL and CDH1, indicating 

that the tubules had distinct proximal and distal identities (Figure 5-3).  Occasionally, co-

labelling of LTL and CDH1 was observed in short stretches of tubule, which may be 

indicative of the junction between the proximal and distal segments (red arrow in Figure 5-

3).  Taken together these observations demonstrated that the inclusion of high 

concentration of CHIR into the iPS cell differentiation protocol resulted in the successful 

generation of kidney organoids with tubules containing proximal and distal kidney tubule 

segments. 
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Day 10 Day 3 

Figure 5-1  Schematic overview of the kidney organoid protocol  

iPS cells (stage 1) generated embryoid bodies in the presence of serum containing medium and 8 µM CHIR 
for three days (stage 2).  Embryoid bodies were collected and dissociated into single cells (stage 3) and plated 
into serum free medium containing BMP2, BMP7 and CHIR onto Geltrex® coated culture plates (stage 4).  
The cells were maintained in this medium until analysis.  Phase contrast images at different stages.  Scale bar 
= 400 µm 
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Figure 5-2 Characterising of differentiated tubular structures 

Immunofluorescent confocal images of differentiated tubular structures generated 
by the kidney organoid protocol (stained in whole mount).  A) day 10 B) day 14.  
Scale bar = 25 µm 
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5.2.2.!Maintaining(kidney(organoids(in(a(stirred(suspension(bioreactor((

From approximately 18 days on in culture, the tubules within the kidney organoid clusters 

were found to deteriorate and the dishes became overgrown with unknown adherent cells 

(data not shown). In addition, it was not possible to passage the adherent kidney organoid 

clusters.  To solve this issue, the differentiation protocol was modified further so that the 

organoids could be grown in suspension. It was reasoned that suspension cultures would 

provide better oxygenation, allow the organoids to be grown for longer times and also 

enable greater numbers to be cultured. 

Based on the recent success of the Melton laboratory in growing mature insulin producing 

pancreatic beta-cells in stirred suspension cultures, 150 ml spinner flasks (Corning®) were 

tested (Pagliuca et al., 2014). Once organoids had formed in the 6-well plates (stage 3), 

they were transferred to a spinner flask as shown in Figure 5-4 (stage 4). The organoids 

were then maintained in the spinner flask until analysis.  As the growth factors used at 

stage 3 and 4 are quite expensive and the spinner flask volumes are relatively large, it was 

also determined if these factors were necessary for kidney organoid formation or whether 

CHIR-alone was sufficient.  To test this, half of the embryoid bodies (n=2 independent 

experiments, with 3 biological replicates per experiment, ~50 embryoid bodies per well) 

were placed into serum free BMPs/CHIR medium (containing BMP2, BMP7 and CHIR), 

and the other half was placed into serum free medium containing no growth factors 

(NoGF) during stage 3 of the assay (Figure 5-4).  After 8 and 10 days of culture, the 
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Figure 5-3  Differentiated tubular structures express 
proximal and distal tubule markers 

Day 18 analysis of differentiated tubular structures obtained by 
the kidney organoid protocol.  Immunofluorescent confocal 
images of cryosections.  Scale bar = 25 µm 
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organoids were visually examined to assess the number of tubule-containing organoids. 

The NoGF condition was found to give ~3.3x higher yield of kidney organoids (n=137/212 

[64.6%] in NoGF versus n=49/253 [19.4%] in BMPs/CHIR; totals from 6 biological 

replicates).  However, no qualitative differences in organoid size or tubular structures were 

observed between the two conditions (Figure 5-5). Importantly, the organoids were able to 

survive and continue growing in the spinner flask bioreactors, free from the limitations of 

2D culture.  

To examine differences in gene expression between the two conditions, qPCR was 

performed to assess the expression levels of a range of renal markers expressed in different 

nephron cell types (podocytes, proximal and distal tubule segments, collecting duct; see 

Figure 5-6 for details).  Total RNA was extracted from single organoids using TRIzol® (3 

biological replicates per condition), cDNA was synthesised and qPCR performed (3 

technical replicates). Overall, the gene expression profiles for the two conditions were very 

similar.  However, organoids cultured under NoGF conditions showed expression of 

UROMODULIN (UMOD), a marker of the thick ascending limb (TAL) segment and 

SLC12A3, a marker of the distal nephron and cortical collecting duct, whereas transcripts 

for these genes were not present in organoids cultured under the BMPs/CHIR condition 

(Figure 5-6).  This result suggests that the NoGF condition may be better at inducing 

nephrons with all segment identities, whereas the tubules grown under the BMPs/CHIR 

condition may not be fully differentiated or defective in their development. 

Based on the notion that NoGF conditions further optimised the differentiation protocol, 

organoids made from this method were analysed in more detail.  Day 14 organoids were 

cryosectioned and various cell- or segment-specific markers were examined by 

immunofluorescence (LTL, CDH1, GATA3, PAX2, Megalin/LRP2, NPHS1, WT1; at least 

3 organoids examined per marker).  Double staining with LTL and CDH1 showed that the 

tubules displayed distinct PT segments (Figure 5-7A). As CDH1 labels both the distal 

tubule and the collecting duct, GATA3 staining was used to specifically distinguish 

collecting duct cells.  Both CDH1-only and GATA3/CDH1 double positive tubules were 

found, indicating that the tubules in the organoids contain distinct distal segments and 

collecting ducts (Figure 5-7B). However, the length of the distal tubule appears variable as 

double staining with LTL and GATA3 identified tubules where the LTL+ PT abutted the 

GATA3+ collecting duct (data not shown) or was separated by only a short stretch of 

double-negative tubule (Figure 5-7C). To assess PT differentiation, the sections were co-
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stained for Megalin/LRP2 and PAX2, revealing that the PT cells expressed Megalin/LRP2 

+ but had low levels of PAX2 staining, indicative of maturation as seen during PT 

development during embryogenesis (Dressler, Deutsch, Chowdhury, Nornes, & Gruss, 

1990; Dressler & Douglass, 1992) (Figure 5-7D).  To examine podocyte formation, the 

sections were stained for WT1 and NPHS1.  Clusters of double positive WT1/NPHS1 

podocytes were detected but were not part of well-organised renal corpuscles and instead 

appeared as ‘grape-like’ clusters (Figure 5-7E). 

During the course of the differentiation protocol, the kidney organoids showed a 

qualitative increase in size (>1 mm in diameter), suggesting that growth by cell 

proliferation was occurring. To confirm this, day 14 and 24 organoids were immunostained 

with PCNA, a marker of cycling cells.  At day 14, a large number of PCNA+ cells that 

were tubular cells (including LTL+ PT cells) as well as non-tubular (stromal-like) in 

morphology were widespread throughout the organoid (n=3 organoids, representative 

section shown in Figure 5-8). However, by day 24 the organoids were larger in size and 

there was a pronounced reduction in cycling cells with most PCNA staining confined to the 

outer edge of the organoid (n=3 organoids, Figure 5-8). In addition, DAPI staining 

revealed a large number of fragmented nuclei within the core of the organoids (data not 

shown). Together, these observations suggest that the core of the organoids may be 

undergoing cell death, possibly as a result of hypoxia from a lack of oxygen diffusion 

given their large size. To explore this, sections at day 14 and 24 were stained for the 

apoptotic marker Activated Caspase3 (Casp3), revealing a number of apoptotic cells in the 

centre of day 24 organoids (n=3 organoids, Figure 5-9A).  Although fewer apoptotic cells 

were seen in the core of day 14 organoids, it was noted that cells were generally missing 

from this part of the section, perhaps having been washed away during the staining 

procedure due to cell death and loss of adhesion to the slide. Thus, cell death is most likely 

occurring at day 14 and onwards. 

Apoptotic cells were found to be associated with the clusters of podocytes, starting at day 

14, but the frequency appeared qualitatively increased at day 24 (n=7 podocyte clusters per 

time point, representative images shown in Figure 5-9B). This suggests that the podocytes 

may undergo apoptosis over time. As podocytes normally interact with a capillary tuft to 

form the blood filter it is possible that a lack of this interaction is the cause of their 

degeneration.  In support of this, immunostaining of day 14 organoids for the endothelial 

marker CD31 showed an absence of vascular cells (data not shown). 
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Taken together, the analysis of kidney organoids under CHIR-only and then NoGF 

conditions in combination with spinner flask suspension culture indicates that this method 

is the most optimal for converting iPS cells into kidney organoids that contain well-

differentiated nephrons and a collecting duct system.  

 

!  

Figure 5-4 Schematic of kidney organoid protocol 

iPS cells (stage 1) generated embryoid bodies in presence of serum containing 
medium and 8 µM CHIR for three days (stage 2).  Embryoid bodies were then 
collected, washed and placed into serum free medium containing either no growth 
factors (NoGF) or BMP2, BMP7 and CHIR (BMPs/CHIR) in suspension plates 
(stage 3).  Between day 8 and 10, kidney organoids were identified and placed into 
bioreactors (stage 4).  The organoids were maintained in the corresponding media 
until fixation at different time points for analysis. 
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Figure 5-5  NoGF and BMPs/CHIR conditions exhibit similar 
morphologic appearance. 

Phase contrast images of kidney organoids at day 8 and day 10 of the 
assay.  Scale bar = 400 µm 
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Figure 5-6 Comparing expression of nephron markers in NoGF and BMPs/CHIR condition 

Bar graphs show representative qPCR analysis from kidney organoids generated with NoGF and 
BMPs/CHIR conditions. Note the expression of UMOD and SLC12A3 in the NoGF condition, which is 
absent in the BMPs/CHIR condition.  One organoid per condition was used for RNA extraction, three 
biological replicates were performed. Results are relative to undifferentiated iPS cells.  Error bars show 
standard deviation of three technical replicates. Abbreviations: D, Day; PT, proximal tubule; TAL, thick 
ascending limb. 
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Figure 5-7 Characterising NoGF kidney organoids 

NoGF kidney organoids. Immunofluorescent images of cryosections at day 14.   
Markers as indicated.  Left column scale bar = 200 µm.  Right column scale 
bar = 25 µm. 
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Figure 5-8 Proliferation in NoGF kidney organoids 

NoGF kidney organoids. Immunofluorescent staining with LTL (green) 
implicating proximal tubules, PCNA (red) marking proliferating cells at day 14 
and 24. Scale bar = 200 µm. 
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Figure 5-9  Glomerular apoptosis 

NoGF kidney organoids.  Immunofluorescent labelling of podocytes with 
NPHS1 (red), and apoptotic cells with activated Casp3 (green) at day 14 and 
24.  A) Circled area showing apoptosis. Low magnification images, scale bar 
= 200 µm.  B) High magnification images, scale bar = 25 µm. 
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5.2.3.!Modelling(disease(using(in+vitro(kidney(organoids((

Having established a protocol to grow kidney tissue in 3D, this was next performed using 

CTNS-iPS cells, to determine if some of the cellular phenotypes seen in CTNS-iPS cells 

would be replicated in PT.  Firstly, we tested the capability of CTNS-iPS cells to form 

tubules as efficiently as the control-iPS cells (3 independent experiments). There were no 

observed differences in the tubule formation of CTNS kidney organoids at day 10 (Figure 

5.10A). We next determined if the CTNS kidney organoids developed PTs by 

immunostaining cryosections at day 24 (at least 3 organoids examined). Tubules within the 

organoid were positively labelled with LTL and Megalin/LRP2 on their apical surface 

indicating that proximal segment of the tubules was formed (Figure 5-10A).  To examine 

the ultrastructure of the tubules and the presence of large degradative bodies, preliminary 

electron microscopy was performed on the CTNS organoids.  Large multivesicular body-

like vesicles were found within presumptive PT cells, with morphologies and sizes (some 

are ~20 µm2 in 2D area) that were strikingly similar to those seen in CTNS-iPS cells 

(Figures 3-12, 5-10B).  By contrast, equivalent structures were not seen in the tubules of 

control organoids (Figure 5-10C).  Although further analysis is needed, it appeared that the 

mitochondria in CTNS organoids were morphologically normal and did not show the 

dilated phenotype seen in CTNS-iPS cells.  Overall, these results show that kidney 

organoids containing PTs can be generated from CTNS-iPS cell lines and preliminary 

analysis suggests that these tubules reproduce some of the phenotypes associated with 

cystinosis.  
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Figure 5-10  CTNS kidney organoids 

A) Left: Brightfield image of a CTNS kidney organoid at day 10. Scale bar = 400 
µm. Right: Cryosection of a CTNS organoid at day 24 that has been co-
immunostained for the PT marker LTL (green) and Megalin/LRP2 (red), scale bar 
= 25 µm.  B) Electron microscopy images of a CTNS kidney organoid and control 
kidney organoid (C) at day 24. Left putative PT, scale bar = 10 µm (B, C). Right: 
Close up of a multivesicular body-like vesicle surrounded by normal looking 
mitochondria (B); Mt, mitochondria, scale bar = 2 µm.  
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5.3.!Discussion(

This Chapter describes the development of a novel protocol for converting iPS cells into 

kidney organoids that contain nephrons with podocytes, proximal and distal tubule 

segments and collecting ducts.  The findings presented in this Chapter support the 

hypothesis that optimising culture conditions can generate kidney ogranoids in vitro and 

that stirred suspension culture would enhance their maturation.  The discussion will 

compare our findings with other recently published kidney organoid reports, discuss 

limitations of the assay and future applications.  

5.3.1.!Developing(kidney(organoids((

The initial stages of this assay involved plating CHIR/serum-induced embryoid bodies 

onto tissue culture plates, which resulted in kidney organoids growing as adherent clusters.  

However, due to degeneration over time, the protocol was optimised further by transferring 

the CHIR/serum-induced embryoid bodies directly into spinning suspension culture.  At 

the same time, it was found that the addition of BMPs and CHIR into the medium (stages 3 

and 4) was not necessary to support kidney organoid formation (making the protocol 

simpler and reducing costs) and may actually be detrimental to tubule maturation. The 

resulting kidney organoids grew to qualitatively large sizes and contained nephrons with 

podocytes, proximal and distal tubules, and collecting ducts.  

During the course of this study several papers were published describing different 

protocols for generating kidney organoids from human pluripotent stem cells.  In general, 

kidney organoids generated by our protocol are very similar to what others have described 

(Freedman et al., 2015; Morizane et al., 2015; Taguchi et al., 2014; Takasato et al., 2014; 

Takasato et al., 2015).  Taguchi and colleagues (2014) enhanced our understanding of self-

organisation of nephron structures in vitro by defining the origins of nephron progenitors 

using mouse embryonic tissue.  They reported that nephron progenitors originate from 

Brachyury T-expressing posterior mesoderm, whereas a more anterior located, Brachyury 

T-negative cell population gives rise to the ureteric bud.  They identified stage specific-

factors that determine the formation of metanephric mesenchyme (nephron progenitors 

from posterior mesoderm).  The same factors and timing were then applied to human ES 

cells that further developed into organoids containing renal tubules and glomeruli with the 

support of the mouse embryonic spinal cord (a source of nephron-inducing signals such as 

Wnts; (Taguchi et al., 2014)).  Nephrons developed by this protocol contained tubules 
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positive for proximal and distal markers, and podocytes, similar to the nephrons seen in 

kidney organoids generated by our protocol. The main distinguishing feature of their 

protocol is the requirement for spinal cord for the differentiation of the nephron structures, 

which was not necessary in our protocol.  Takasato et al., (2015) developed a protocol for 

generating kidney organoids consisting of segmented nephrons connected to a collecting 

duct network, containing kidney stroma (labelled with Meis1 and Foxd1) and early 

vasculature (labelled with CD31, Sox17 and KDR) suggesting that their protocol generated 

both posterior and anterior intermediate mesoderm.  Their protocol involved treatment with 

high concentration of CHIR (8 µM) for 4 days followed by FGF9 for 3 days and then the 

cells are dissociated into single cells, pelleted, and transferred to a transwell membrane 

where they are treated again with a pulse of CHIR and FGF9 (Figure 5-11).  Takasato 

organoids grew to be very large, flattish discs of kidney tissue with hundreds of nephrons 

(Takasato et al., 2015).  Morizane et al., (2015) also developed a protocol for the 

generation of kidney organoids.  Even though their organoids had formed all nephron 

segments similar to Takasato et al., (2015), they did not develop collecting duct, kidney 

stroma or vasculature, suggesting that only the metanephric mesenchyme was formed and 

not the ureteric bud (Morizane et al., 2015). 

Overall, the quality of differentiated kidney tissue from our protocol is very similar to that 

reported by Takasato et al., (2015), and Morizane et al., (2015) although they also showed 

Uromodulin+ Loop of Henle segments were present in their organoids (this was not 

examined in our study).  From a methodological perspective, our protocol is most similar 

to Freedman et al., (2015).  Both the Freedman et al., protocol and ours utilises only a high 

concentration of CHIR (Figure 5-11) to generate kidney organoids. Kidney organoids from 

both protocols generate nephrons with proximal and distal segment and podocyte clusters. 

The main difference is that organoids generated by the Freedman et al., protocol contain 

nephrons on the periphery of the organoids rather than on the inside as with our protocol, 

which may be attributed to their technique of producing epiblast-like spheroids with a 

cavity on the inside.  This type of morphology may pose problems in applications such as 

microfluidic devices where the tubules could become damaged by sheer stress (see section 

5.3.4), making morphology of our organoids suitable for wider applications.  Additionally, 

their protocol involves the use of Matrigel, which increases the cost, and requires more 

handling.   
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In comparison to the protocols by Takasato et al., (2015) and Morizane et al., (2015) our 

protocol is more convenient and less time-consuming. Rather than one very large organoid 

(as generated by Takasato et al., (2015)) we generate hundreds of distinct organoids in 

suspension, each with only 5-10 nephrons. We anticipate that our approach of making lots 

of small organoids will facilitate the application of kidney organoids to drug screening and 

renal toxicology testing (see Section 5.3.4). In addition, our method does not require FGF9 

or other growth factors (unlike the Takasato et al., Morizane et al., and Taguchi et al., 

protocol), which increases the cost of the protocol.  FGF9 is known to play a key role in 

cap mesenchyme proliferation (Barak et al., 2012) and it was surprising that we were able 

to omit this from our protocol. One explanation for this is that the serum we include 

contains FGF9 or equivalent activity. As batch-to-batch variation exists with serum, it will 

be desirable in the future to test whether FGF9 could replace the serum in the first 3 days 

of the protocol.  

A key difference between our method and the Takasato et al., (2015) protocol is a lack of 

CD31+ endothelial cells as well as FoxD1+ renal stromal cells in our organoids (data not 

shown). At this stage it is not clear whether the absence of these cell types influences the 

growth and differentiation of the organoid nephrons although it is suspected that an 

absence of endothelial cells may influence podocyte survival.  Why these lineages do not 

form in our protocol is also not known. They may arise in response to FGF9 signalling, 

although in the Morizane method FGF9 is used and these lineages are still absent 

(Morizane et al., 2015). Conversely, Freedman et al., (2015) made kidney organoids from 

epiblast-like spheroids using 12 µM CHIR and no FGF9, and detected CD31+ endothelial 

cells.  The type of medium used may play an instructive role.  We use DMEM/F12 with 

5% serum, whereas Takasato et al., (2015) uses APEL (Stemcell Technologies) medium, 

which is designed to promote ES and iPS cell differentiation, while Freedman et al., (2015) 

uses Matrigel and B27 supplement (Freedman et al., 2015; Morizane et al., 2015; Takasato 

et al., 2015). It is possible that the high CHIR concentration together with B27 in 

Freedman et al., protocol induced endothelial cell generation, as others also use it in their 

endothelial cell differentiation protocols (Patsch et al., 2015).  It will be important to test 

the efficacy of APEL and Matrigel/B27 medium in the context of our protocol to determine 

whether this is responsible for inducing the endothelial and stromal lineages. 

The finding that we can induce kidney organoids by treating iPS cells with CHIR and 

serum for 3 days indicates that this window is the critical period for inducing the 
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mesoderm that will self-organise into the kidney. At this stage, it is not clear how CHIR 

acts to induce the ureteric and metanephric mesenchyme populations that are needed to 

make nephrons and collecting duct system. While high Wnt levels are thought to exist in 

the posterior of the developing mammalian embryo, where the metanephric mesenchyme 

originates, the ureteric duct arises from a more distinct region of the anterior trunk 

(Taguchi et al., 2014).  Thus, a more detailed analysis of ureteric and metanephric 

mesenchyme genes, as well as general body axis markers such as the Hox genes, is needed 

during the early stages of organoid formation. 

 

 

 

 

5.3.2.!Cell(death(and(limitations(of(the(assay(

Previous published studies did not address the issue of apoptosis and proliferation within 

kidney organoids. In our organoids we found that cell proliferation became restricted to the 

periphery of the tissue and apoptotic cells were observed within the core. This finding 

suggests that oxygen or nutrients may become limited in the interior of the organoid after a 

certain size. Studies into diffusion of oxygen within cultured spheroids (3D cell aggregates 

forming spheres) described a size limitation for culturing avascular tissue (Winkle, Gates, 

& Kallos, 2012; Wu, Rostami, Olaya, & Tzanakakis, 2014; Zhao et al., 2005).  For 

instance, embryoid bodies cultured in a bioreactor with a radius of 400 µm display a 50% 

reduction of oxygen and growth factors in the core compared to smaller embryoid bodies 

of less than 200 µm (Winkle et al., 2012).  Having hypoxia and cell death in the interior of 

the kidney organoids is not desirable as it will stress the healthy cells and limit the 

usefulness of the system for modelling normal kidney function. One solution to avoid the 

Figure 5-11  Comparison of protocols for kidney organoid development 

Comparison of the 4 protocols published with the current protocol in this study.  
Only growth factors or small molecules used are displayed and the length of 
time they are applied.  Each study uses different base media.  Concentration of 
CHIR in µM is indicated in parentheses; RA, retinoic acid. 



!

! 102!

death occurring in our larger organoids would be to modify the protocol so that a uniform 

size of embryoid bodies is produced that results in kidney organoids of <800 µm diameter.  

One way to do this, is to pre-filter the embryoid bodies through a strainer with an 

appropriate fixed pore size. Another possibility would be to limit or control the initial 

dissociation and reaggregation of iPS cells, as embryoid body size is likely to be 

proportional to the number of iPS cells that clump together. In preliminary experiments, 

we found that transferring the dissociated iPS cells directly to the spinner flasks, rather 

than using suspension plates for 3 days, resulted in smaller organoids, presumably because 

multiple iPS cell clumps were unable to adhere together into a single group in the spinning 

cultures (data not shown).  Further reduction in size could also be achieved by limiting the 

size of the iPS cell colonies to ensure small clumps of cells are the starting point.  This can 

be achieved by seeding cells at lower numbers and monitoring the colony size, before the 

cell colonies are detached for embryoid body generation.   

In future experiments, it would be useful to quantify the growth of the organoids over time 

and to correlate this to the presence (and size) of the dead core. This could be done by 

measuring organoid diameter, or estimating total volume and measuring the size of the 

apoptotic/necrotic core in the sections. In addition, it was not established how long the 

organoids could be cultured (and still retain healthy tubules) and when growth ceased, this 

should be addressed in future experiments.  

5.3.2.1.!Glomerular(cell(apoptosis(

Our findings revealed the presence of apoptotic cells surrounding glomeruli at day 14 and 

this appeared increased by day 24.  This death could be due to lack of vascularisation 

within the organoid or to hypoxia and general apoptosis within the core making podocytes 

more vulnerable to cell death.  Hypoxic conditions have been implicated in reducing 

production of slit diaphragm proteins such as NPHS1 in immortalised mouse podocytes, 

however mechanisms are not well understood (Lu, Kapur, Mattoo, & Lyman, 2012). 

Glomerular capillary integration occurs very early during the S-shape body phase of 

nephrogenesis and VEGF-A is the main factor secreted by podocytes to attract endothelial 

cells (Bartlett, Jeansson, & Quaggin, 2016; Schell et al., 2014).  VEGF-A deficient mice, 

show that newly formed glomeruli have reduced and abnormal branching of capillaries 

leading to impaired renal function indicating importance of paracrine signalling in 

glomerular vascularisation (Mattot et al., 2002). It remains to be determined if the kidney 
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organoids contain the progenitors to form the capillary network and if the podocytes are 

expressing VEGF-A. To demonstrate that the podocytes in the organoids can be 

vascularised Nishinakamura and his team (2015) transplanted iPS cell derived kidney 

organoids into the kidneys of immunocompromised (SCID) mice.  The organoid-derived 

glomeruli recruited CD31+ endothelial cells from the recipient mouse (Sharmin et al., 

2016). In the future, a similar assay could be performed with our kidney organoids 

transplanted into mice to determine whether they are competent to be vascularised and 

whether podocyte death can be reduced or eliminated.  Alternatively kidney organoids 

could be co-cultured, or injected, with endothelial cell progenitors (angioblasts).  Protocols 

for differentiating iPS cells into angioblasts/endothelial cells that can form vascular 

networks in vitro have been reported, and could be utilised in conjunction with our assay 

(Kusuma et al., 2013; Kusuma & Gerecht, 2013). 

Another limitation of this assay is the use of serum (foetal bovine serum).  Since batch 

differences and uncharacterised components frequently lead to variability between assays, 

serum use is preferentially avoided in stem cell based assays.  Using a serum alternative 

such as knock-out serum replacement would be a further development of our assay to 

improve reproducibility.  In addition, if kidney organoids, or cells derived from them, are 

to be developed in the future for cell based therapies then it will be vital that they have not 

been exposed to animal serum and potential disease vectors (Gstraunthaler, 2003). 

5.3.3.!Using(kidney(organoids(to(model(disease(

Generation of kidney organoids is a novel renewable source of tissue, which will aid in 

studying kidney diseases.  We have shown that our protocol can be applied to study genetic 

diseases such as cystinosis, which affects the PT.  However, we did not observe 

deterioration of the PT after 24 days in culture, such as a swan-neck lesion, or cystine 

crystal formation.  In addition, we found no difference between Megalin/LRP2 

immunostaining between CTNS and control kidney organoids.  This could be due to 

immaturity of the PT or due to lack of tubular flow since the organoids have no blood or 

plasma supply.  Biopsies from infants with nephropathic cystinosis show cystine crystals 

present at 6 months of age, although no development of the swan-neck lesion until after 6 

months (Mahoney & Striker, 2000).  Takasato et al., (2015) used RNA-seq analysis to 

show that their kidney organoids were equivalent to the first trimester human kidney, 

which suggests that our organoids may also be of a similar stage.  Given this, we speculate 



!

! 104!

that the CTNS kidney organoids will need to be cultured for much longer periods of time.  

More in depth analysis such as RNA-seq, in addition to immunostaining of key PT 

markers, is required to determine if the kidney organoids can mature further to a stage 

equivalent to a 6 month infant.   

5.3.4.!Future(applications(

The ability to generate kidney organoids from iPS or ES cells provides a valuable new tool 

to study the pathogenesis of human kidney diseases with a genetic basis and the kidney’s 

response to injury.  In addition to cystinosis examined here (Chapter 3), Freeman et al., 

(2015) used CRISPR-Cas9 gene editing technology to generate a model for polycystic 

kidney disease (PKD).  These PKD kidney organoids developed tubular cysts, similar to 

what is seen in patients’ kidneys (Freedman et al., 2015).  Studies have examined the 

response of kidney organoids to nephrotoxins such as cisplatin and gentamicin, and shown 

that the tubules upregulate kidney specific injury markers such as KIM-1 and undergo 

apoptosis (Bonventre, 2009; DesRochers, Suter, Roth, & Kaplan, 2013; Morizane et al., 

2015; Takasato et al., 2015).  As it is known that the renal tubules can regenerate after 

injury, via the transient dedifferentiation and proliferation of surviving PT cells (Kusaba, 

Lalli, Kramann, Kobayashi, & Humphreys, 2013), it may be possible to model these 

processes in kidney organoids treated with nephrotoxins. 

Kidney organoids also have the potential to be used in a high-throughput, high-content 

analysis with microfluidic devices termed ‘organs-on-chips’, which would aid in drug 

development (Reardon, 2015; M. J. Wilmer et al., 2016).  Due to their excretory role, 

kidneys are very vulnerable to drug-induced toxicity and many drugs fail in clinical trials 

due to kidney-related side-effects.  As a result, a number of therapeutic drugs, such as anti-

cancer drugs, need to be given at a suboptimal dose as a result (Davies, 2015). Drug 

companies need reliable assays to determine nephrotoxicity, however the current models 

include animals (rats or mice), which are costly and are not necessarily translatable to 

humans, or cell lines with limitations mentioned in earlier chapters (low subculture 

potential, loss of PT identity) (Davies, 2015).  Human kidney organoids could potentially 

overcome these barriers. Drug analogs could be screened on human kidney organoids 

during their development to identify variants that cause the least amount of PT cell 

damage.  Reporter iPS cell lines can be generated to produce fluorescent proteins such as 

KIM-1, NGAL, or IL-18, which are produced upon tubule injury, and subsequently could 
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speed up the analysis (Bonventre, 2009; Parikh, Moledina, Coca, Thiessen-Philbrook, & 

Garg, 2016). 

Kidney organoids could be utilised for the development of bioartificial kidneys and some 

progress was made in developing renal assist devices for haemodialysis that incorporate 

hollow fibres lined with PT cells to facilitate filtration (Humes, Buffington, MacKay, 

Funke, & Weitzel, 1999; Humes, Buffington, Westover, Roy, & Fissell, 2014; Oo, 

Kandasamy, Tasnim, & Zink, 2012).  One drawback of these devices is the limited source 

of PT cells from cadaver kidneys and the inability to culture primary PT cells for long 

periods of time.  Another approach has been to try to re-cellularise decellularised kidneys, 

which are generated by washing away the cells with a detergent, leaving behind the 

extracellular matrix.  Kidney organoids could conceivably be used as a source of cells to 

repopulate these scaffolds.  While the re-cellularisation approach has a long way to go 

before it is a viable option, Song et al., (2013) successfully produced reseeded rat kidney 

using individual preparations of endothelial and epithelial cells and this was successfully 

grafted into a rat for a short period and was able to produce a dilute ‘urine’ (J. J. Song et 

al., 2013). 
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Chapter 6.!Summary(and(conclusions(

6.1.!Summary(of(main(findings(

The work presented in this thesis supports the overall hypothesis that CTNS-iPS cells can 

be used to model aspects of cystinosis.  The following Sections provide a general summary 

of the key findings in each chapter. Finally, a disease model will be presented and how it 

relates to PT cell biology, providing new insights into the pathophysiology of the disease. 

6.1.1.!Characterising(CTNSEiPS(cells((Chapter(3)(

CTNS-iPS cells were confirmed to be pluripotent, load cysteine, and display an altered 

GSH/GSSG ratio indicative of oxidative stress.  In addition, CTNS-iPS cells displayed 

fragmented mitochondria, which is also a feature of other lysosomal storage disorders.  An 

analysis of the endocytic pathway found that late endosomes and/or endolysosomes were 

enlarged and clustered in a perinuclear region.  Approximately 25% of CTNS-iPS cells 

displayed massive vesicles that contained intralumenal vesicles, similar to giant late 

endosomes/multivesicular bodies. Electron microscopy revealed that the enlarged 

endosomes, including the multivesicular body-like vesicles, largely contained electron 

lucent material consistent with being loaded with cystine.  Based on these observations, a 

model was proposed whereby cystine accumulates in the endolysosomes of cystinotic PT 

cells in response to protein degradation (particularly albumin) causing them to swell.  This 

has multiple effects: reduced rate of lysosomal degradation, reduced peripheral mobility of 

endolysosomes, nutrient starvation (compensated by an upregulation of surface amino acid 

transporters), and ultimately reduced mTORC1 activity, which activates autophagy and 

inhibits Megalin/LRP2 expression.  In addition, the cystine loading causes oxidative stress, 

possibly due to dysfunctional mitochondria not being removed rapidly enough by 

mitophagy or by ER stress or by other pathways suggested from other lysosomal storage 

diseases such as failure of the lysosome to buffer intracellular calcium.  While GSH may 

be able to cope with the ROS in CTNS-iPS cells, we speculate that this eventually 

overcomes the CTNS-PT cell, leading to its death.  
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6.1.2.!Developing(PT(monolayer((Chapter(4)(

Based on the initial findings of Mae et al., (2013), an assay was developed to differentiate 

iPS cells into PT-like cells.  The resulting protocol involves generating embryoid bodies in 

suspension culture in the presence of Activin A, CHIR and BMPs.  It was found that 

during the first 3 days there was an induction of mesoderm and early kidney markers.  

Treatment of these cells with CHIR and BMPs led some of them to differentiate into 

epithelial cells and express a large number of PT cell markers.  The PT-like cells were 

purified using LTL and could be successfully maintained in culture for up to 28 days 

without the loss of their PT-like cell identity.  This PT monolayer assay provides a 

valuable tool to study: disease pathways in cystinosis, PT-cell biology, and to test for drug 

nephrotoxicity. 

6.1.3.!Generating(kidney(organoids((Chapter(5)(

The final Chapter of this thesis describes the development of a protocol to convert human 

iPS cells into 3D kidney organoids.  Initially it was discovered that kidney tubules could be 

generated in monolayer but these could not be grown or passaged for long periods.  To 

improve this protocol, a stirred suspension bioreactor was employed and the resulting 

kidney organoids were found to develop segmented nephrons within the first 14 days but 

were non-vascularised.  An apoptotic core was detected in large kidney organoids, most 

likely due to lack of oxygen and nutrient diffusion.  Podocyte clusters were also found to 

undergo apoptosis and further protocol optimisation in the future is needed to resolve these 

issues. Preliminary data using CTNS-iPS cells showed that the cystinotic kidney organoids 

developed PTs with no morphological defects such as the swan-neck lesion within 24 days.  

However, electron microscopy analysis revealed the presence of large multivesicular body-

like vesicles similar those seen in CTNS-iPS cells.  In conclusion, the kidney organoid 

assay offers a promising new tool to study and model cystinosis as well as other aspects of 

kidney physiology in vitro. 

6.2.!A(model(for(the(pathogenesis(of(cystinosis(in(PT(cells(

Integrating all of the available data of this thesis, we propose the following model to 

explain why PT cells are particularly affected in cystinosis, given that all cells accumulate 

cystine. As PT cells reabsorb the majority of the filtered load, including proteins such as 

albumin, we hypothesise that the protein load that the PT cells are exposed to, enhances the 
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endolysosomal dysfunction caused by Cystinosin deficiency (Figure 6-1). In particular, PT 

cells express Megalin/LRP2, which mediates the uptake of albumin, a major protein in the 

filtrate that is rich in disulphide bonds.  When albumin is degraded it liberates cystine 

inside the endolysosome (Lloyd, 1986; Lockwood, 2013). We speculate that in cystinotic 

PT cells, this continuous supply of albumin generates an excessive accumulation of cystine 

in endolysosomes/lysosomes, leading to reduced proteolytic activity and vesicle swelling 

(either by remaining inside the vesicle or by defects in lysosome reformation).  The 

reduced proteolytic activity of the lysosomes may limit amino acid availability to PT cells 

as well as induce ER stress, which has been reported in mouse Ctns-/- cells (J. L. Johnson et 

al., 2013).  Based on our CTNS-iPS cell data, we suggest that in response to reduced 

protein turnover and possibly redox changes induced by cystine sequestration, cystinotic 

cells upregulate various amino acid transporters to compensate, although this has yet to be 

shown in cystinotic PT cells.  We propose that as the late endosomes/lysosomes swell they 

lose their mobility out to the periphery of the cell and instead cluster in the perinuclear 

region, which in turn, dampens the activation of the mTORC1 pathway.  Defects in the re-

tethering of mTORC1 to the lysosome via Cystinosin after periods of starvation are also 

likely to contribute to the dampening of the mTORC1 pathway.  As it has recently been 

found that mTORC1 acts in a positive transcriptional feedback loop with Megalin/LRP2, 

we favour the conclusion of Andrzejewska et al. (2015) that suggest that a progressive 

dampening of mTORC1 activity in cystinotic PT cells may lead to the gradual 

downregulation of MEGALIN/LRP2 expression—a phenotype seen in Ctns-/- mice (Raggi 

et al., 2014). The upregulation of autophagy seen in cystinotic cells in vivo, and in some 

cultured cells, is also consistent with reduced mTORC1 activity and nutrient deprivation 

(Andrzejewska et al., 2015; Sansanwal et al., 2010), and this may also be a mechanism by 

which the cell tries to remove swollen cystine-loaded vesicles.  We envision that the sum 

effect of these defects is the progressive self-digestion of the PT cells (macroautophagy 

and mitophagy) in a desperate effort to recycle nutrients and maintain energy production 

(this may cause the withering-up of the PT cells seen in the swan-neck lesion).  Although 

the exact cause of PT death is not known, we favour the notion that GSH levels ultimately 

fail to adequately keep in check the excessive production of ROS (coming from sources 

such as dysfunctional mitochondria and a stressed ER) and ultimately the cell undergoes 

apoptosis.    
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Figure 6-1 Model of deregulated endo-lysosomal pathway in cystinotic PT cells 

In a healthy cell proteins from urine (albumin) enter the endocytic pathway and travel from early endosome (EE) to the late endosome (LE) before digestion in 
the endolysosomes. Proteolytic degradation leads to release of cystine (Cyss) and amino acids keeping the cell full of nutrients. Adequate levels of amino acids 
lead to mTORC1 activation and tethering to the lysosome, endosome and endolysosome membranes and inactivating TFEB. There is a low level of ROS and 
autophagy. In cystinotic cells degradation of protein leads to Cyss accumulation, lower proteolytic activity and accumulation of undigested contents. This can 
lead to swelling of endolysosome/multivesicular body-like (MVB-like) vesicles reducing their mobility and lysosome reformation pathway. Possible delay in 
amino acid release could lead to cellular starvation, ER stress and deactivation of mTORC1 and activation of TFEB, which translocates to the nucleus to activate 
autophagy.  Lower levels of cysteine (Cys), can be compensated by upregulation of system xc- and B0+AT.  Intracellular cysteine is then used to make GSH, 
which can mop up reactive oxygen species (ROS). However, ultimately the ROS generated by mitochondria and ER overburdens the cell and GSH cannot meet 
the demand leading to cell death. 
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6.3.!Future)perspectives)for)cystinosis)research)

Organoid research is the next step forward in the field of cystinosis and other diseases.  It 

bridges the gap between in vitro and in vivo research and enables the disease to be studied 

in human tissue that better approximates the in vivo setting.  In the case of cystinosis, 

kidney organoids have the potential to allow researchers to study the progressive 

dysfunction of PT cells, a facet of the illness that is delayed in the mouse knock-out, 

dependent on genetic background, and may not recapitulate all aspects of the human 

disease.  The swan-neck lesion was not observed in cystinotic kidney organoids in the 

preliminary studies that were performed. It will be imperative to determine whether this 

pathology can be replicated in cystinotic kidney organoids.  As the nephrons in the 

organoids are not filtering, and thus do not encounter large quantities of albumin like they 

do in vivo, it may be necessary to incubate the organoids in high concentrations of BSA or 

cystine in order to maximise cystine loading and thereby induce the swan-neck defect.  As 

the outside of the kidney organoids are covered in an epithelium, it may be necessary to 

microinject the BSA or cystine directly into the organoid in order to make it available to 

PT cells.  Alternatively, it may be possible to make ‘recombinant’ organoids in which 

fibroblasts, stably secreting albumin, are pre-mixed with the CTNS-iPS cells during early 

stages of the protocol. If the swan-neck lesion can be modelled then it will make cystinotic 

kidney organoids the first model of this pathology in vitro and will provide a valuable new 

tool to dissect the cellular defects underlying kidney failure in cystinosis patients.  In 

addition, a kidney organoid model of the swan-neck lesion will open the door to 

developing a drug screening approach based on the amelioration of this morphology.  For 

such an assay to work, it may be necessary to generate fluorescent reporter lines of CTNS-

iPS cells in which GFP is expressed under the control of a PT-specific promoter, or 

knocked into a PT-specific gene, so that PT morphology can be readily visualised in situ 

by confocal microscopy.  Here, CRISPR/Cas9-mediated gene editing will be a key new 

technology to employ and there may be imaging limitations that need to be solved, such as 

by light-sheet confocal microscopy, to clearly resolve PTs in the organoids.  If these 

challenges can be overcome then it should be possible to perform drug screening on 

cystinotic kidney organoids using small molecule libraries with known activities such as 

the LOPAC1280 library from Sigma that contains 1280 pharmacologically active 

compounds.  Here, a microfluidics (‘organs-on-chips’) platform would be desirable as it 

offers the potential to be semi-automated and standardised from the standpoint of drug 



!

! 111!

delivery and imaging, but will depend upon whether kidney organoids can be maintained 

for weeks/months in such devices.  Thus, while there is still much more work to undertake, 

it is clear that kidney organoids offer exciting new ways to develop better therapies for 

cystinosis in the future. 

 

!  



!

! 112!

References)

 

Abderhalden, E. (1903). Familiäre cystindiathese.. Hoppe-Seylers Zeitschrift Für Physiologische 
Chemie, 38, 557-561.  

Ahuja, D., Saenz-Robles, M. T., & Pipas, J. M. (2005). SV40 large T antigen targets multiple 
cellular pathways to elicit cellular transformation. Oncogene, 24(52), 7729-7745. 
doi:10.1038/sj.onc.1209046 

Albini, S., Coutinho, P., Malecova, B., Giordani, L., Savchenko, A., Forcales, S. V., & Puri, P. L. 
(2013). Epigenetic reprogramming of human embryonic stem cells into skeletal muscle cells 
and generation of contractile myospheres. Cell Reports, 3(3), 661-670. 
doi:10.1016/j.celrep.2013.02.012 

Anderson, M. (1998). Glutathione: An overview of biosynthesis and modulation. Chemico-
Biological Interactions, 111-112, 1-14.  

Andrzejewska, Z., Nevo, N., Thomas, L., Chhuon, C., Bailleux, A., Chauvet, V., . . . Antignac, C. 
(2015). Cystinosin is a component of the vacuolar H+-ATPase-ragulator-rag complex 
controlling mammalian target of rapamycin complex 1 signaling. Journal of the American 
Society of Nephrology : JASN, doi:ASN.2014090937 [pii] 

Anikster, Y., Lucero, C., Guo, J., Huizing, M., Shotelersuk, V., Bernardini, I., . . . Gahl, W. A. 
(2000). Ocular nonnephropathic cystinosis: Clinical, biochemical, and molecular correlations. 
Pediatric Research, 47(1), 17. doi:10.1203/00006450-200001000-00007 

Antoni, D., Burckel, H. '. `., Josset, E., & Noel, G. (2015). Three-dimensional cell culture: A 
breakthrough in vivo. Int J Mol Sci, 16(3), 5517-5527. doi:10.3390/ijms16035517 

Archdeacon, P., & Detwiler, R. K. (2008). Bone morphogenetic protein 7 (BMP7): A critical role 
in kidney development and a putative modulator of kidney injury. Advances in Chronic 
Kidney Disease, 15(3), 314-320. doi:10.1053/j.ackd.2008.04.011 [doi] 

Ariizumi, T., Komazaki, S., & Asashima, M. (1999). Activin-treated urodele animal caps: II. 
inductive interactions in newt animal caps after treatment with activin A. UniBio Press, 16(1), 
115-124.  

Bandyopadhyay, D., Cyphersmith, A., Zapata, J. A., Kim, Y. J., & Payne, C. K. (2014). Lysosome 
transport as a function of lysosome diameter. PloS One, 9(1), e86847.  

Banerjee, E. (2014). Use of stem cells in drug screening. Perspectives in regenerative medicine 
(pp. 25). India: Springer. doi:10.1007/978-81-322-2053-4_3 

Bannai, S. (1984a). Induction of cystine and glutamate transport activity in human fibroblasts by 
diethyl maleate and other electrophilic agents. The Journal of Biological Chemistry, 259(4), 
2435-2440.  

Bannai, S. (1984b). Transport of cystine and cysteine in mammalian cells. Biochimica Et 
Biophysica Acta, 779(3), 289-306. doi:0304-4157(84)90014-5 [pii] 



!

! 113!

Bannai, S., & Kitamura, E. (1980). Transport interaction of L-cystine and L-glutamate in human 
diploid fibroblasts in culture. The Journal of Biological Chemistry, 255(6), 2372-2376.  

Barak, H., Huh, S. H., Chen, S., Jeanpierre, C. '., Martinovic, J., Parisot, M. '., . . . Kopan, R. 
(2012). FGF9 and FGF20 maintain the stemness of nephron progenitors in mice and man. 
Dev.Cell, 22(6), 1191-1207. doi:10.1016/j.devcel.2012.04.018 

Bariety, J., Mandet, C., Hill, G. S., & Bruneval, P. (2006). Parietal podocytes in normal human 
glomeruli. Journal of the American Society of Nephrology : JASN, 17(10), 2770-2780. 
doi:ASN.2006040325 [pii] 

Bartlett, C. S., Jeansson, M., & Quaggin, S. E. (2016). Vascular growth factors and glomerular 
disease. Annual Review of Physiology, 78, 437-461. doi:10.1146/annurev-physiol-021115-
105412 [doi] 

Bellomo, F., Corallini, S., Pastore, A., Palma, A., Laurenzi, C., Emma, F., & Taranta, A. (2010). 
Modulation of CTNS gene expression by intracellular thiols. Free Radical Biology & 
Medicine, 48(7), 865-872.  

Bernardo, A., Faial, T., Gardner, L., Niakan, K., Ortmann, D., Senner, C., . . . Pedersen, R. (2011). 
BRACHYURY and CDX2 mediate BMP-induced differentiation of human and mouse 
pluripotent stem cells into embryonic and extraembryonic lineages. Cell Stem Cell, 9(2), 144-
155.  

Bertram, J., Douglas-Denton, R., Diouf, B., Hughson, M., & Hoy, W. (2011). Human nephron 
number: Implications for health and disease. Pediatric Nephrology, 26(9), 1529-1533. 
doi:10.1007/s00467-011-1843-8 

Besouw, M. T., Bowker, R., Dutertre, J. P., Emma, F., Gahl, W. A., Greco, M., . . . Levtchenko, E. 
N. (2011). Cysteamine toxicity in patients with cystinosis. The Journal of Pediatrics, 159(6), 
1004-1011. doi:10.1016/j.jpeds.2011.05.057 [doi] 

Betz, C., & Hall, M. N. (2013). Where is mTOR and what is it doing there? The Journal of Cell 
Biology, 203(4), 563-574. doi:10.1083/jcb.201306041 

Bondue, A., Lapouge, G., Paulissen, C., Semeraro, C., Iacovino, M., Kyba, M., & Blanpain, C. 
(2008). Mesp1 acts as a master regulator of multipotent cardiovascular progenitor 
specification. Cell Stem Cell, 3(1), 69-84. doi:10.1016/j.stem.2008.06.009 [doi] 

Bonventre, J. V. (2009). Kidney injury molecule-1 (KIM-1): A urinary biomarker and much more. 
Nephrol.Dial.Transplant., 24(11), 3265-3268. doi:10.1093/ndt/gfp010 

Bouchard, M., Souabni, A., Mandler, M., Neubüser, A., & Busslinger, M. (2002). Nephric lineage 
specification by Pax2 and Pax8. Genes Dev., 16(22), 2958-2970. doi:10.1101/gad.240102 

Boulting, G. L., Kiskinis, E., Croft, G. F., Amoroso, M. W., Oakley, D. H., Wainger, B. J., . . . 
Eggan, K. (2011). A functionally characterized test set of human induced pluripotent stem 
cells. Nature Biotechnology, 29(3), 279. doi:10.1038/nbt1783 

Bratt-Leal, A., Carpenedo, R., & McDevitt, T. (2009). Engineering the embryoid body 
microenvironment to direct embryonic stem cell differentiation. Biotechnology Progress, 
25(1), 43-51.  



!

! 114!

Braulke, T., & Bonifacino, J. S. (2009). Sorting of lysosomal proteins. Biochimica Et Biophysica 
Acta, 1793(4), 605.  

Bridges, R. J., Natale, N. R., & Patel, S. A. (2012). System xc(-) cystine/glutamate antiporter: An 
update on molecular pharmacology and roles within the CNS. British Journal of 
Pharmacology, 165(1), 20-34. doi:10.1111/j.1476-5381.2011.01480.x [doi] 

Bright, N. A., Reaves, B. J., Mullock, B. M., & Luzio, J. P. (1997). Dense core lysosomes can fuse 
with late endosomes and are re-formed from the resultant hybrid organelles. Journal of Cell 
Science, 110(17), 2027.  

Broodbank, D., & Christian, M. T. (2014). Renal tubular disorders. Paediatrics and Child Health, 
doi:10.1016/j.paed.2014.03.005 

Bruce, S. J., Rea, R. W., Steptoe, A. L., Busslinger, M., Bertram, J. F., & Perkins, A. C. (2007). In 
vitro differentiation of murine embryonic stem cells toward a renal lineage. Differentiation; 
Research in Biological Diversity, 75(5), 337-49. doi:10.1111/j.1432-0436.2006.00149.x 

Caetano-Pinto, P., Janssen, M. J., Gijzen, L., Verscheijden, L., Wilmer, M. J., & Masereeuw, R. 
(2016). Fluoresence based transport assays revisited in a human renal proximal tubule cell 
line. Mol.Pharm., doi:10.1021/acs.molpharmaceut.5b00821 

Campbell, K. H., McWhir, J., Ritchie, W. A., & Wilmut, I. (1996). Sheep cloned by nuclear 
transfer from a cultured cell line. Nature, 380(6569), 64-66. doi:10.1038/380064a0 

Carroll, T. J., Park, J. S., Hayashi, S., Majumdar, A., & McMahon, A. P. (2005). Wnt9b plays a 
central role in the regulation of mesenchymal to epithelial transitions underlying 
organogenesis of the mammalian urogenital system. Dev.Cell, 9(2), 283-292. 
doi:10.1016/j.devcel.2005.05.016 

Chen, Y., & Yu, L. (2013). Autophagic lysosome reformation. Experimental Cell Research, 
319(2), 142-146. doi:10.1016/j.yexcr.2012.09.004 

Cherqui, S., Kalatzis, V., Trugnan, G., & Antignac, C. (2001). The targeting of cystinosin to the 
lysosomal membrane requires a tyrosine-based signal and a novel sorting motif. The Journal 
of Biological Chemistry, 276(16), 13314-13321. doi:10.1074/jbc.M010562200 [doi] 

Cherqui, S., Sevin, C., Hamard, G., Kalatzis, V., Sich, M., Pequignot, M. O., . . . Antignac, C. 
(2002). Intralysosomal cystine accumulation in mice lacking cystinosin, the protein defective 
in cystinosis. Molecular and Cellular Biology, 22(21), 7622-7632.  

Cho, E. A., Patterson, L. T., Brookhiser, W. T., Mah, S., Kintner, C., & Dressler, G. R. (1998). 
Differential expression and function of cadherin-6 during renal epithelium development. 
Development (Cambridge, England), 125(5), 803-812.  

Choi, H. W., Kim, J. H., Chung, M. K., Hong, Y. J., Jang, H. S., Seo, B. J., . . . Do, J. T. (2015). 
Mitochondrial and metabolic remodeling during reprogramming and differentiation of the 
reprogrammed cells. Stem Cells Dev., 24(11), 1366-1373. doi:10.1089/scd.2014.0561 

Chol, M., Nevo, N., Cherqui, S., Antignac, C., & Rustin, P. (2004). Glutathione precursors 
replenish decreased glutathione poolin cystinotic cell lines. Biochemical and Biophysical 
Research Communications, 324, 231-235.  



!

! 115!

Clay, R. D., Darmady, E. M., & Hawkins, M. (1953). The nature of the renal lesion in the fanconi 
syndrome. The Journal of Pathology and Bacteriology, 65(2), 551-558. 
doi:10.1002/path.1700650227 

Conner, S. D., & Schmid, S. L. (2003). Regulated portals of entry into the cell. Nature, 422(6927), 
37-44. doi:10.1038/nature01451 [doi] 

Cotgreave, I. A., & Moldéus, P. (1986). Methodologies for the application of monobromobimane to 
the simultaneous analysis of soluble and protein thiol components of biological systems. 
Journal of Biochemical and Biophysical Methods, 13(4), 231-249. doi:10.1016/0165-
022X(86)90102-8 

Cowan, C. A., Atienza, J., Melton, D. A., & Eggan, K. (2005). Nuclear reprogramming of somatic 
cells after fusion with human embryonic stem cells. Science (New York, N.Y.), 309(5739), 
1369-1373. doi:309/5739/1369 [pii] 

Cullen-McEwen, L., Drago, J., & Bertram, J. (2001). Nephron endowment in glial cell line-derived 
neurotrophic factor (GDNF) heterozygous mice. Kidney International, 60(1), 31-36.  

Dahl, U., Sjodin, A., Larue, L., Radice, G. L., Cajander, S., Takeichi, M., . . . Semb, H. (2002). 
Genetic dissection of cadherin function during nephrogenesis. Molecular and Cellular 
Biology, 22(5), 1474-1487.  

Dai, N., Christiansen, J., Nielsen, F. C., & Avruch, J. (2013). mTOR complex 2 phosphorylates 
IMP1 cotranslationally to promote IGF2 production and the proliferation of mouse embryonic 
fibroblasts. Genes & Development, 27(3), 301.  

Dang, J., Tiwari, S. K., Lichinchi, G., Qin, Y., Patil, V. S., Eroshkin, A. M., & Rana, T. M. (2016). 
Zika virus depletes neural progenitors in human cerebral organoids through activation of the 
innate immune receptor TLR3. Cell Stem Cell, doi:S1934-5909(16)30057-1 [pii] 

Darmady, E. M., & Stranack, F. (1957). Microdissection of the nephron in disease. British Medical 
Bulletin, 13 (1), 21-25. 

Davidson, A. (2008). Mouse kidney development. StemBook, doi:10.3824/stembook.1.34.1 

Davies, J. A. (2015). Self-organized kidney rudiments: Prospects for better in vitro nephrotoxicity 
assays. Biomarker Insights, 10(Suppl 1), 117-123. doi:10.4137/BMI.S20056 [doi] 

de Graaf-Hess, A., Trijbels, F., & Blom, H. (1999). New method for determining cystine in 
leukocytes and fibroblasts. Clinical Chemistry, 45(12), 2224.  

de Toni, G. (1933). Remarks on the relations between rickets (renal dwarfism) and renal diabetes. 
Acta Pædiatrica, 16, 479-484.  

Debré, R., Marie, J., & et Messimy, C. (1934). Rachitisme tardif coexistant avec une néphrite 
chronique et une glycosurie.. Archives De Médecine Des Enfants, 37, 597-606.  

Dent, C. E. (1947). The amino-aciduria in fanconi syndrome. A study making extensive use of 
techniques based on paper partition chromatography. The Biochemical Journal, 41(2), 240-
253.  



!

! 116!

Desrochers, T. M., Palma, E., & Kaplan, D. L. (2014). Tissue-engineered kidney disease models. 
Advanced Drug Delivery Reviews, 69-70, 67-80. doi:10.1016/j.addr.2013.12.002 

DesRochers, T. M., Suter, L., Roth, A., & Kaplan, D. L. (2013). Bioengineered 3D human kidney 
tissue, a platform for the determination of nephrotoxicity. PloS One, 8(3), e59219. 
doi:10.1371/journal.pone.0059219 

Detrisac, C. J., Sens, M., Garvin, J. A., Spicer, S. S., & Sens, D. A. (1984). Tissue culture of human 
kidney epithelial cells of proximal tubule origin. Kidney Int, doi:10.1038/ki.1984.28 

Devuyst, O., Burrow, C. R., Smith, B. L., Agre, P., Knepper, M. A., & Wilson, P. D. (1996). 
Expression of aquaporins-1 and -2 during nephrogenesis and in autosomal dominant 
polycystic kidney disease. The American Journal of Physiology, 271(1 Pt 2), 169.  

Dingjan, I., Verboogen, D. R., Paardekooper, L. M., Revelo, N. H., Sittig, S. P., Visser, L. J., . . . 
van den Bogaart, G. (2016). Lipid peroxidation causes endosomal antigen release for cross-
presentation. Scientific Reports, 6, 22064.  

Dohil, R., Gangoiti, J. A., Cabrera, B. L., Fidler, M., Schneider, J. A., & Barshop, B. A. (2010). 
Long-term treatment of cystinosis in children with twice-daily cysteamine. The Journal of 
Pediatrics, 156(5), 823-827. doi:10.1016/j.jpeds.2009.11.059 [doi] 

Dressler, G. R., Deutsch, U., Chowdhury, K., Nornes, H. O., & Gruss, P. (1990). Pax2, a new 
murine paired-box-containing gene and its expression in the developing excretory system. 
Development, 109(4), 787.  

Dressler, G. R., & Douglass, E. C. (1992). Pax-2 is a DNA-binding protein expressed in embryonic 
kidney and wilms tumor. Proceedings of the National Academy of Sciences of the United 
States of America, 89(4), 1179-1183.  

Dudley, A. T., Lyons, K. M., & Robertson, E. J. (1995). A requirement for bone morphogenetic 
protein-7 during development of the mammalian kidney and eye. Genes & Development, 
9(22), 2795-2807.  

Egawa, N., Kitaoka, S., Tsukita, K., Naitoh, M., Takahashi, K., Yamamoto, T., . . . Inoue, H. 
(2012). Drug screening for ALS using patient-specific induced pluripotent stem cells. Science 
Translational Medicine, 4(145), 145ra104. doi:10.1126/scitranslmed.3004052 [doi] 

Endo, Y., Furuta, A., & Nishino, I. (2015). Danon disease: A phenotypic expression of LAMP-2 
deficiency. Acta Neuropathologica, 129(3), 391-398. doi:10.1007/s00401-015-1385-4 

Eskelinen, E. L. (2006). Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and autophagy. 
Molecular Aspects of Medicine, 27(5-6), 495-502. doi:S0098-2997(06)00023-9 [pii] 

Evans, M., & Kaufman, M. (1981). Establishment in culture of pluripotential cells from mouse 
embryos. Nature, 292(8df9c11b-c200-4251-2436-75fed8d55c98), 154-160.  

Fanconi, G. (1931). Non-diabetic glycosuria and hyperglycaemia of older children. Jahrbuch Fur 
Kinderheilkunde, 133, 257-300. 

Faraggiana, T., Malchiodi, F., Prado, A., & Churg, J. (1982). Lectin-peroxidase conjugate 
reactivity in normal human kidney. The Journal of Histochemistry and Cytochemistry : 
Official Journal of the Histochemistry Society, 30(5), 451-458.  



!

! 117!

Fauth, C., Chabardes, D., Allaz, M., Garcia, M., Rossier, B., Roch-Ramel, F., & Claire, M. (1991). 
Establishment of renal cell lines derived from S2 segments of the proximal tubule. Renal 
Physiology and Biochemistry, 14(3), 128-139.  

Feng, Y., He, D., Yao, Z., & Klionsky, D. J. (2014). The machinery of macroautophagy. Cell 
Research, 24(1), 24-41. doi:10.1038/cr.2013.168 [doi] 

Fernandez, E., Carrascal, M., Rousaud, F., Abian, J., Zorzano, A., Palacin, M., & Chillaron, J. 
(2002). rBAT-b(0,+)AT heterodimer is the main apical reabsorption system for cystine in the 
kidney. American Journal of Physiology.Renal Physiology, 283(3), 540. 
doi:10.1152/ajprenal.00071.2002 [doi] 

Finesilver, G., Bailly, J., Kahana, M., & Mitrani, E. (2014). Kidney derived micro-scaffolds enable 
HK-2 cells to develop more in-vivo like properties. Exp.Cell Res., 322(1), 71-80. 
doi:10.1016/j.yexcr.2013.12.016 

Flinn, R. J., Yan, Y., Goswami, S., Parker, P. J., & Backer, J. M. (2010). The late endosome is 
essential for mTORC1 signaling. Molecular Biology of the Cell, 21(5), 833-841. 
doi:10.1091/mbc.E09-09-0756 [doi] 

Florey, O., & Overholtzer, M. (2012). Autophagy proteins in macroendocytic engulfment. Trends 
in Cell Biology, 22(7), 374-380.  

Folmes, C., Nelson, T., Martinez-Fernandez, A., Arrell, D., Lindor, J., Dzeja, P., . . . Terzic, A. 
(2011). Somatic oxidative bioenergetics transitions into pluripotency-dependent glycolysis to 
facilitate nuclear reprogramming. Cell Metabolism, 14(2), 264-271.  

Forestier, L., Jean, G., Attard, M., Cherqui, S., Lewis, C., van't Hoff, W., . . . Antignac, C. (1999). 
Molecular characterization of CTNS deletions in nephropathic cystinosis: Development of a 
PCR-based detection assay. American Journal of Human Genetics, 65(4a199f68-d7bb-afe3-
1722-9dfd405e6ab0), 353-362. doi:10.1086/302509 

Freedman, B. S., Brooks, C. R., Lam, A. Q., Fu, H., Morizane, R., Agrawal, V., . . . Bonventre, J. 
V. (2015). Modelling kidney disease with CRISPR-mutant kidney organoids derived from 
human pluripotent epiblast spheroids. Nat Commun, 6, 8715. doi:10.1038/ncomms9715 

Fukuda, T., Ewan, L., Bauer, M., Mattaliano, R. J., Zaal, K., Ralston, E., . . . Raben, N. (2006). 
Dysfunction of endocytic and autophagic pathways in a lysosomal storage disease. Annals of 
Neurology, 59(4), 700-708. doi:10.1002/ana.20807 

Gahl, W. A., Reed, G. F., Thoene, J. G., Schulman, J. D., Rizzo, W. B., Jonas, A. J., . . . Schneider, 
J. A. (1987). Cysteamine therapy for children with nephropathic cystinosis. The New England 
Journal of Medicine, 316(16), 971-977. doi:10.1056/NEJM198704163161602 [doi] 

Gahl, W. A., Tietze, F., Bashan, N., Bernardini, I., Raiford, D., & Schulman, J. D. (1983). 
Characteristics of cystine counter-transport in normal and cystinotic lysosome-rich leucocyte 
granular fractions. The Biochemical Journal, 216(2), 393-400.  

Gahl, W. A., Thoene, J. G., & Schneider, J. A. (2002). Cystinosis. N.Engl.J.Med., 347(2), 111-121. 
doi:10.1056/NEJMra020552 

Gaide Chevronnay, H. P., Janssens, V., Van Der Smissen, P., N'Kuli, F., Nevo, N., Guiot, Y., . . . 
Courtoy, P. J. (2014). Time course of pathogenic and adaptation mechanisms in cystinotic 



!

! 118!

mouse kidneys. Journal of the American Society of Nephrology : JASN, 25(6), 1256-1269. 
doi:10.1681/ASN.2013060598 [doi] 

Gao, W., Cao, W., Zhang, H., Li, P., Xu, K., & Tang, B. (2014). Targeting lysosomal membrane 
permeabilization to induce and image apoptosis in cancer cells by multifunctional au-ZnO 
hybrid nanoparticles. Chemical Communications (Cambridge, England), 50(60), 8117.  

Georgas, K., Rumballe, B., Valerius, M. T., Chiu, H. S., Thiagarajan, R. D., Lesieur, E., . . . Little, 
M. H. (2009). Analysis of early nephron patterning reveals a role for distal RV proliferation in 
fusion to the ureteric tip via a cap mesenchyme-derived connecting segment. Developmental 
Biology, 332(2), 273-286. doi:10.1016/j.ydbio.2009.05.578 [doi] 

Goldman, S. D. B., & Krise, J. P. (2010). Niemann-pick C1 functions independently of niemann-
pick C2 in the initial stage of retrograde transport of membrane-impermeable lysosomal 
cargo. Journal of Biological Chemistry, 285(7), 4983-4994. doi:10.1074/jbc.M109.037622 

Goto, S., Yaoita, E., Matsunami, H., Kondo, D., Yamamoto, T., Kawasaki, K., . . . Kihara, I. 
(1998). Involvement of R-cadherin in the early stage of glomerulogenesis. Journal of the 
American Society of Nephrology : JASN, 9(7), 1234-1241.  

Green, J. B. A., & Smith, J. C. (1990). Graded changes in dose of a xenopus activin A homologue 
elicit stepwise transitions in embryonic cell fate. Nature, 347(6291), 391-394. 
doi:10.1038/347391a0 

Griffith, L. G., & Swartz, M. A. (2006). Capturing complex 3D tissue physiology in vitro. 
doi:10.1038/nrm1858 

Grote, D., Souabni, A., Busslinger, M., & Bouchard, M. (2006). Pax 2/8-regulated gata 3 
expression is necessary for morphogenesis and guidance of the nephric duct in the developing 
kidney. Development (Cambridge, England), 133(1), 53-61. doi:dev.02184 [pii] 

Gstraunthaler, G. (2003). Alternatives to the use of fetal bovine serum: Serum-free cell culture. 
Altex, 20(4), 275-281.  

Gunness, P., Aleksa, K., Kosuge, K., Ito, S., & Koren, G. (2010). Comparison of the novel HK-2 
human renal proximal tubular cell line with the standard LLC-PK1 cell line in studying drug-
induced nephrotoxicity. Canadian Journal of Physiology and Pharmacology, 88(4), 448-455. 
doi:10.1139/Y10-023 

Gurdon, J. B. (1962). Adult frogs derived from the nuclei of single somatic cells. Dev.Biol., 4, 256-
273. doi:10.1016/0012-1606(62)90043-X 

Hansmann, J., Groeber, F., Kahlig, A., Kleinhans, C., & Walles, H. (2013). Bioreactors in tissue 
engineering - principles, applications and commercial constraints. Biotechnology Journal, 
8(3), 298-307. doi:10.1002/biot.201200162 [doi] 

Harari�Steinberg, O., Metsuyanim, S., Omer, D., Gnatek, Y., Gershon, R., Pri�Chen, S., . . . 
Dekel, B. (2013). Identification of human nephron progenitors capable of generation of 
kidney structures and functional repair of chronic renal disease. EMBO Molecular Medicine, 
5(10), 1556-1568. doi:10.1002/emmm.201201584 

Heng, J. D., & Ng, H. (2010). Transcriptional regulation in embryonic stem cells. Advances in 
Experimental Medicine and Biology, 695, 76-91.  



!

! 119!

Hennigar, R. A., Schulte, B. A., & Spicer, S. S. (1985). Heterogeneous distribution of 
glycoconjugates in human kidney tubules. The Anatomical Record, 211(4), 376-390. 
doi:10.1002/ar.1092110403 [doi] 

Hess, M. W., Pfaller, K., Ebner, H. L., Beer, B., Hekl, D., & Seppi, T. (2010). 3D versus 2D cell 
culture implications for electron microscopy. Methods in Cell Biology, 96, 649-670. 
doi:10.1016/S0091-679X(10)96027-5 [doi] 

Huang, J. X., Kaeslin, G., Ranall, M. V., Blaskovich, M. A., Becker, B., Butler, M. S., . . . Cooper, 
M. A. (2015). Evaluation of biomarkers for in vitro prediction of drug�induced 
nephrotoxicity: Comparison of HK�2, immortalized human proximal tubule epithelial, and 
primary cultures of human proximal tubular cells. Pharmacology Research & Perspectives, 
3(3), n/a. doi:10.1002/prp2.148 

Huber, L. A., & Teis, D. (2016). Lysosomal signaling in control of degradation pathways. Current 
Opinion in Cell Biology, 39, 8-14. doi:10.1016/j.ceb.2016.01.006 

Humes, H. D., Buffington, D. A., MacKay, S. M., Funke, A. J., & Weitzel, W. F. (1999). 
Replacement of renal function in uremic animals with a tissue-engineered kidney. Nature 
Biotechnology, 17(5), 451-455. doi:10.1038/8626 [doi] 

Humes, H. D., Buffington, D., Westover, A. J., Roy, S., & Fissell, W. H. (2014). The bioartificial 
kidney: Current status and future promise. Pediatric Nephrology (Berlin, Germany), 29(3), 
343-351. doi:10.1007/s00467-013-2467-y [doi] 

International Stem Cell Initiative, Adewumi, O., Aflatoonian, B., Ahrlund-Richter, L., Amit, M., 
Andrews, P. W., . . . Zhang, W. (2007). Characterization of human embryonic stem cell lines 
by the international stem cell initiative. Nature Biotechnology, 25(7), 803-816. doi:nbt1318 
[pii] 

Itaranta, P., Lin, Y., Perasaari, J., Roel, G., Destree, O., & Vainio, S. (2002). Wnt-6 is expressed in 
the ureter bud and induces kidney tubule development in vitro. Genesis (New York, N.Y.: 
2000), 32(4), 259-268. doi:10.1002/gene.10079 [pii] 

Itskovitz-Eldor, J., Schuldiner, M., Karsenti, D., Eden, A., Yanuka, O., Amit, M., . . . Benvenisty, 
N. (2000). Differentiation of human embryonic stem cells into embryoid bodies 
compromising the three embryonic germ layers. Molecular Medicine (Cambridge, Mass.), 
6(2), 88-95.  

Itzhaki, I., Maizels, L., Huber, I., Zwi-Dantsis, L., Caspi, O., Winterstern, A., . . . Gepstein, L. 
(2011). Modelling the long QT syndrome with induced pluripotent stem cells. Nature, 
471(7337), 225-9. doi:10.1038/nature09747 

Ivanova, E. A., De Leo, M. G., Van Den Heuvel, L., Pastore, A., Dijkman, H., De Matteis, M. A., 
& Levtchenko, E. N. (2015). Endo-lysosomal dysfunction in human proximal tubular 
epithelial cells deficient for lysosomal cystine transporter cystinosin. PloS One, 10(3), 
e0120998. doi:10.1371/journal.pone.0120998 [doi] 

Ivanova, E. A., van den Heuvel, L P, Elmonem, M. A., De Smedt, H., Missiaen, L., Pastore, A., . . . 
Levtchenko, E. N. (2016a). Altered mTOR signalling in nephropathic cystinosis. Journal of 
Inherited Metabolic Disease, doi:10.1007/s10545-016-9919-z [doi] 



!

! 120!

Ivanova, E. A., Arcolino, F. O., Elmonem, M. A., Rastaldi, M. P., Giardino, L., Cornelissen, E. M., 
. . . Levtchenko, E. N. (2016b). Cystinosin deficiency causes podocyte damage and loss 
associated with increased cell motility. Kidney International, 89(5), 1037-1048. 
doi:10.1016/j.kint.2016.01.013 

Ivanova, E. A., Elmonem, M. A., Bongaerts, I., Luyten, T., Missiaen, L., van den Heuvel, 
Lambertus P, . . . Bultynck, G. (2016). Ca(2+) signalling in human proximal tubular epithelial 
cells deficient for cystinosin. Cell Calcium, 60(4), 282.  

James, R., Kamei, C., Wang, Q., Jiang, R., & Schultheiss, T. (2006). Odd-skipped related 1 is 
required for development of the metanephric kidney and regulates formation and 
differentiation of kidney precursor cells. Development (Cambridge, England), 133(15), 2995-
3004.  

Jang, K. J., Mehr, A. P., Hamilton, G. A., McPartlin, L. A., Chung, S., Suh, K. Y., & Ingber, D. E. 
(2013). Human kidney proximal tubule-on-a-chip for drug transport and nephrotoxicity 
assessment. Integr Biol {(Camb)}, 5(9), 1119-1129. doi:10.1039/c3ib40049b 

Jansen, J., Fedecostante, M., Wilmer, M. J., Peters, J. G., Kreuser, U. M., van den Broek, P H, . . . 
Masereeuw, R. (2016). Bioengineered kidney tubules efficiently excrete uremic toxins. 
Scientific Reports, Retrieved from 10.1038/srep26715 

Jézégou, A., Llinares, E., Anne, C., Kieffer-Jaquinod, S., O’Regan, S., Aupetit, J., . . . Gasnier, B. 
(2012). Heptahelical protein PQLC2 is a lysosomal cationic amino acid exporter underlying 
the action of cysteamine in cystinosis therapy. Proceedings of the National Academy of 
Sciences, 109(50), E3443. doi:10.1073/pnas.1211198109 

Johansson, B. M., & Wiles, M. V. (1995). Evidence for involvement of activin A and bone 
morphogenetic protein 4 in mammalian mesoderm and hematopoietic development. 
Molecular and Cellular Biology, 15(1), 141-151. doi:10.1128/MCB.15.1.141 

Johnson, D. E., Ostrowski, P., Jaumouille, V., & Grinstein, S. (2016). The position of lysosomes 
within the cell determines their luminal pH. The Journal of Cell Biology, 212(6), 677-692. 
doi:10.1083/jcb.201507112 [doi] 

Johnson, J. L., Napolitano, G., Monfregola, J., Rocca, C. J., Cherqui, S., & Catz, S. D. (2013). 
Upregulation of the Rab27a-dependent trafficking and secretory mechanisms improves 
lysosomal transport, alleviates endoplasmic reticulum stress, and reduces lysosome overload 
in cystinosis. Molecular and Cellular Biology, 33(15), 2950-2962. doi:10.1128/MCB.00417-
13 [doi] 

Jonas, A. J., Smith, M. L., & Schneider, J. A. (1982). ATP-dependent lysosomal cystine efflux is 
defective in cystinosis. Journal of Biological Chemistry, 257(22), 13185.  

Jonas, A. J., Greene, A. A., Smith, M. L., & Schneider, J. A. (1982). Cystine accumulation and loss 
in normal, heterozygous, and cystinotic fibroblasts. Proceedings of the National Academy of 
Sciences of the United States of America, 79(14), 4442-4445. doi:10.1073/pnas.79.14.4442 

Jones, C. B., Ott, E. M., Keener, J. M., Curtiss, M., Sandrin, V., & Babst, M. (2012). Regulation of 
membrane protein degradation by starvation-response pathways. Traffic, 13(3), 468-482. 
doi:10.1111/j.1600-0854.2011.01314.x 



!

! 121!

Joyce, E., Ho, J., El-Gharbawy, A., Salgado, C. M., Ranganathan, S., & Reyes-Múgica, M. (2015). 
The value of renal biopsy in diagnosing infantile nephropathic cystinosis associated with 
secondary nephrogenic diabetes insipidus. Pediatric and Developmental Pathology, 
doi:10.2350/15-09-1704-CR.1 

Kaiser-Kupfer, M. I., Fujikawa, L., Kuwabara, T., Jain, S., & Gahl, W. A. (1987). Removal of 
corneal crystals by topical cysteamine in nephropathic cystinosis. The New England Journal 
of Medicine, 316(13), 775-779. doi:10.1056/NEJM198703263161304 [doi] 

Kalatzis, V., Cherqui, S., Antignac, C., & Gasnier, B. (2001). Cystinosin, the protein defective in 
cystinosis, is a H(+)-driven lysosomal cystine transporter. The EMBO Journal, 20(0bf283b9-
9b9d-59ee-bfe5-7f0e652f5672), 5940-5949. doi:10.1093/emboj/20.21.5940 

Kalatzis, V., Nevo, N., Cherqui, S., Gasnier, B., & Antignac, C. (2004). Molecular pathogenesis of 
cystinosis: Effect of CTNS mutations on the transport activity and subcellular localization of 
cystinosin. Human Molecular Genetics, 13(13), 1361-71. doi:10.1093/hmg/ddh152 

Kalatzis, V., & Antignac, C. (2002). Cystinosis: From gene to disease. Nephrology, Dialysis, 
Transplantation : Official Publication of the European Dialysis and Transplant Association - 
European Renal Association, 17(11), 1883-1886.  

Kalatzis, V., Serratrice, N., Hippert, C., Payet, O., Arndt, C., Cazevieille, C., . . . Kremer, E. J. 
(2007). The ocular anomalies in a cystinosis animal model mimic disease pathogenesis. 
Pediatric Research, 62(2), 156-162. doi:10.1203/PDR.0b013e31809fda89 

Kanherkar, R. R., Bhatia-Dey, N., Makarev, E., & Csoka, A. B. (2014). Cellular reprogramming 
for understanding and treating human disease. Frontiers in Cell and Developmental Biology, 
2, 67. doi:10.3389/fcell.2014.00067 [doi] 

Karner, C., Das, A., Ma, Z., Self, M., Chen, C., Lum, L., . . . Carroll, T. (2011). Canonical Wnt9b 
signaling balances progenitor cell expansion and differentiation during kidney development. 
Development (Cambridge, England), 138(7), 1247-1257.  

Katz, B., Melles, R. B., Schneider, J. A., & Rao, N. A. (1989). Corneal thickness in nephropathic 
cystinosis. The British Journal of Ophthalmology, 73(8), 665-668.  

Kaushik, S., & Cuervo, A. (2012). Chaperone-mediated autophagy: A unique way to enter the 
lysosome world. Trends in Cell Biology, 22(8), 407-417.  

Keller, G. (2005). Embryonic stem cell differentiation: Emergence of a new era in biology and 
medicine. Genes & Development, 19(10), 1129-55. doi:10.1101/gad.1303605 

Keller, G. M. (1995). In vitro differentiation of embryonic stem cells. Curr.Opin.Cell Biol., 7(6), 
862-869. doi:10.1016/0955-0674(95)80071-9 

Khatter, D., Sindhwani, A., & Sharma, M. (2015). Arf-like GTPase Arl8: Moving from the 
periphery to the center of lysosomal biology. Cellular Logistics, 5(3) 
doi:10.1080/21592799.2015.1086501 

Kim, D., & Dressler, G. R. (2005). Nephrogenic factors promote differentiation of mouse 
embryonic stem cells into renal epithelia. Journal of the American Society of Nephrology : 
JASN, 16(12), 3527-34. doi:10.1681/ASN.2005050544 



!

! 122!

Kim, Y. M., Jung, C. H., Seo, M., Kim, E. K., Park, J. M., Bae, S. S., & Kim, D. H. (2015). 
mTORC1 phosphorylates UVRAG to negatively regulate autophagosome and endosome 
maturation. Molecular Cell, 57(2), 207-218. doi:10.1016/j.molcel.2014.11.013 [doi] 

Klootwijk, E. D., Reichold, M., Unwin, R. J., Kleta, R., Warth, R., & Bockenhauer, D. (2015). 
Renal fanconi syndrome: Taking a proximal look at the nephron. Nephrology, Dialysis, 
Transplantation : Official Publication of the European Dialysis and Transplant Association - 
European Renal Association., doi:10.1093/ndt/gfu377 

Knecht, E., Hernandez-Yago, J., & Grisolia, S. (1984). Regulation of lysosomal autophagy in 
transformed and non-transformed mouse fibroblasts under several growth conditions. 
Experimental Cell Research, 154(1), 224-232. doi:0014-4827(84)90682-7 [pii] 

Ko, D. C., Gordon, M. D., Jin, J. Y., & Scott, M. P. (2001). Dynamic movements of organelles 
containing niemann-pick C1 protein: NPC1 involvement in late endocytic events. Molecular 
Biology of the Cell, 12(3), 601.  

Kobayashi, A., Valerius, M., Mugford, J., Carroll, T., Self, M., Oliver, G., & McMahon, A. (2008). 
Six2 defines and regulates a multipotent self-renewing nephron progenitor population 
throughout mammalian kidney development. Cell Stem Cell, 3(2), 169-181.  

Korolchuk, V. I., Saiki, S., Lichtenberg, M., Siddiqi, F. H., Roberts, E. A., Imarisio, S., . . . 
Rubinsztein, D. C. (2011). Lysosomal positioning coordinates cellular nutrient responses. 
Nature Cell Biology, 13(4), 453-460. doi:10.1038/ncb2204 

Kowolik, C. M., Liang, S., Yu, Y., & Yee, J. K. (2004). Cre-mediated reversible immortalization of 
human renal proximal tubular epithelial cells. Oncogene, 23(35), 5950-5957. 
doi:10.1038/sj.onc.1207801 [doi] 

Kubo, A., Shinozaki, K., Shannon, J. M., Kouskoff, V., Kennedy, M., Woo, S., . . . Keller, G. 
(2004). Development of definitive endoderm from embryonic stem cells in culture. 
Development (Cambridge, England), 131(7), 1651-1662. doi:10.1242/dev.01044 [doi] 

Kundra, V., & Dean, M. F. (1990). Transformed SV3T3 cells have a reduced lysosomal 
compartment and lower levels of enzyme activity than 3T3 cells. Experimental Cell Research, 
189(1), 93-99. doi:0014-4827(90)90261-8 [pii] 

Kurz, T., Eaton, J. W., & Brunk, U. T. (2010). Redox activity within the lysosomal compartment: 
Implications for aging and apoptosis. Antioxidants & Redox Signaling, 13(4), 511-523. 
doi:10.1089/ars.2009.3005 

Kusaba, T., Lalli, M., Kramann, R., Kobayashi, A., & Humphreys, B. D. (2013). Differentiated 
kidney epithelial cells repair injured proximal tubule. Proc.Natl.Acad.Sci.{U.S.A.}, 111(4), 
1527-1532. doi:10.1073/pnas.1310653110 

Kusuma, S., & Gerecht, S. (2013). Recent progress in the use of induced pluripotent stem cells in 
vascular regeneration. Expert Review of Cardiovascular Therapy, 11(6), 661-663. 
doi:10.1586/erc.13.54 [doi] 

Kusuma, S., Shen, Y. I., Hanjaya-Putra, D., Mali, P., Cheng, L., & Gerecht, S. (2013). Self-
organized vascular networks from human pluripotent stem cells in a synthetic matrix. 
Proceedings of the National Academy of Sciences of the United States of America, 110(31), 
12601-12606. doi:10.1073/pnas.1306562110 [doi] 



!

! 123!

Labbe, A., Baudouin, C., Deschenes, G., Loirat, C., Charbit, M., Guest, G., & Niaudet, P. (2014). 
A new gel formulation of topical cysteamine for the treatment of corneal cystine crystals in 
cystinosis: The cystadrops OCT-1 study. Molecular Genetics and Metabolism, 111(3), 314-
320. doi:10.1016/j.ymgme.2013.12.298 [doi] 

Ladewig, J., Koch, P., & Brustle, O. (2013). Leveling waddington: The emergence of direct 
programming and the loss of cell fate hierarchies. Nat.Rev.Mol.Cell Biol., 14(4), 225-236. 
doi:10.1038/nrm3543 

Lancaster, M. A., & Knoblich, J. A. (2014). Organogenesis in a dish: Modeling development and 
disease using organoid technologies. Science (New York, N.Y.), 345(6194), 1247125. 
doi:10.1126/science.1247125 [doi] 

Langman, C. B., Greenbaum, L. A., Sarwal, M., Grimm, P., Niaudet, P., Deschenes, G., . . . Rioux, 
P. (2012). A randomized controlled crossover trial with delayed-release cysteamine bitartrate 
in nephropathic cystinosis: Effectiveness on white blood cell cystine levels and comparison of 
safety. Clinical Journal of the American Society of Nephrology : CJASN, 7(7), 1112-1120. 
doi:10.2215/CJN.12321211 [doi] 

Larman, B. W., Karolak, M. J., Lindner, V., & Oxburgh, L. (2012). Distinct bone morphogenetic 
proteins activate indistinguishable transcriptional responses in nephron epithelia including 
notch target genes. Cellular Signalling, 24(1), 257-64. doi:10.1016/j.cellsig.2011.09.008 

Lash, L. H. (1994). Role of renal metabolism in risk to toxic chemicals. Environmental Health and 
Perspectives, 102 Suppl 11, 75-9.  

Lash, L. H. (2011). Renal membrane transport of glutathione in toxicology and disease. 
Vet.Pathol., 48(2), 408-419. doi:10.1177/0300985810375811 

Laube, G., Shah, V., Stewart, V., Hargreaves, I., Haq, M., Heales, S., & van't Hoff, W. (2006). 
Glutathione depletion and increased apoptosis rate in human cystinotic proximal tubular cells. 
Pediatric Nephrology (Berlin, Germany), 21(4), 503-509.  

Legouis, D., Bataille, A., Hertig, A., Vandermeersch, S., Simon, N., Rondeau, E., & Galichon, P. 
(2015). Ex vivo analysis of renal proximal tubular cells. BMC Cell Biology, 16, 4. 
doi:10.1186/s12860-015-0058-4 [doi] 

Lengerke, C., Schmitt, S., Bowman, T. V., Jang, I. H., Maouche-Chretien, L., McKinney-Freeman, 
S., . . . Daley, G. Q. (2008). BMP and wnt specify hematopoietic fate by activation of the cdx-
hox pathway. Cell Stem Cell, 2(1), 72-82. doi:10.1016/j.stem.2007.10.022 

Levtchenko, E. N., van Dael, C. M., de Graaf-Hess, A. C., Wilmer, M. J., van den Heuvel, L P, 
Monnens, L. A., & Blom, H. J. (2006). Strict cysteamine dose regimen is required to prevent 
nocturnal cystine accumulation in cystinosis. Pediatric Nephrology (Berlin, Germany), 21(1), 
110-113. doi:10.1007/s00467-005-2052-0 [doi] 

Levtchenko, E., de Graaf-Hess, A., Wilmer, M., van den Heuvel, L., Monnens, L., & Blom, H. 
(2005). Altered status of glutathione and its metabolites in cystinotic cells. Nephrology, 
Dialysis, Transplantation : Official Publication of the European Dialysis and Transplant 
Association - European Renal Association, 20(9), 1828-1832.  

Levtchenko, E., Wilmer, M., Janssen, A., Koenderink, J., Visch, H., Willems, P., . . . Monnens, L. 
(2006). Decreased intracellular ATP content and intact mitochondrial energy generating 



!

! 124!

capacity in human cystinotic fibroblasts. Pediatric Research, 59(42878161-9624-9761-d146-
02bd68fa19c2), 287-379. doi:10.1203/01.pdr.0000196334.46940.54 

Li, N., Li, B., Brun, T., Deffert-Delbouille, C., Mahiout, Z., Daali, Y., . . . Maechler, P. (2012). 
NADPH oxidase NOX2 defines a new antagonistic role for reactive oxygen species and 
cAMP/PKA in the regulation of insulin secretion. Diabetes, 61(11), 2842-2850. 
doi:10.2337/db12-0009 

Li, X., Rydzewski, N., Hider, A., Zhang, X., Yang, J., Wang, W., . . . Xu, H. (2016). A molecular 
mechanism to regulate lysosome motility for lysosome positioning and tubulation. Nature Cell 
Biology, 18(4), 404. doi:10.1038/ncb3324 

Li, Y., Oo, Z. Y., Chang, S. Y., Huang, P., Eng, K. G., Zeng, J. L., . . . Zink, D. (2013). An in vitro 
method for the prediction of renal proximal tubular toxicity in humans. Toxicology Research, 
352(2) 

Li, Y., Kandasamy, K., Chuah, J. K., Lam, Y. N., Toh, W. S., Oo, Z. Y., & Zink, D. (2014). 
Identification of nephrotoxic compounds with embryonic stem-cell-derived human renal 
proximal tubular-like cells. Mol.Pharm., 11(7), 1982-1990. doi:10.1021/mp400637s 

Lindstrom, N. O., Lawrence, M. L., Burn, S. F., Johansson, J. A., Bakker, E. R., Ridgway, R. A., . . 
. Hohenstein, P. (2015). Integrated beta-catenin, BMP, PTEN, and notch signalling patterns 
the nephron. Elife, 3, e04000. doi:10.7554/eLife.04000 

Little, M., & McMahon, A. (2012). Mammalian kidney development: Principles, progress, and 
projections. Cold Spring Harbor Perspectives in Biology, 4(5) 

Liu, P., Li, K. E., & Xu, S. (2016). The future of iPS cells in advancing regenerative medicine. 
Genetics Research, 98, e4. doi:10.1017/S001667231600001X [doi] 

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time 
quantitative PCR and the 2(-delta delta C(T)) method. Methods (San Diego, Calif.), 25(4), 
402-408. doi:10.1006/meth.2001.1262 [doi] 

Lloyd, J. B. (1986). Disulphide reduction in lysosomes. the role of cysteine. The Biochemical 
Journal, 237(1), 271-272.  

Lockwood, T. D. (2002). Cathepsin B responsiveness to glutathione and lipoic acid redox. 
Antioxidants & Redox Signaling, 4(4), 681-691. doi:10.1089/15230860260220193 

Lockwood, T. D. (2013). Lysosomal metal, redox and proton cycles influencing the CysHis 
cathepsin reaction. Metallomics : Integrated Biometal Science, 5(2), 11-124. 
doi:10.1039/c2mt20156a 

Lokmane, L., Heliot, C., Garcia-Villalba, P., Fabre, M., & Cereghini, S. (2010). vHNF1 functions 
in distinct regulatory circuits to control ureteric bud branching and early nephrogenesis. 
Development (Cambridge, England), 137(2), 347-357. doi:10.1242/dev.042226 [doi] 

Lu, H., Kapur, G., Mattoo, T. K., & Lyman, W. D. (2012). Hypoxia decreases podocyte expression 
of slit diaphragm proteins. International Journal of Nephrology and Renovascular Disease, 5, 
101-107. doi:10.2147/IJNRD.S27332 [doi] 



!

! 125!

Luzio, J. P., Parkinson, M. D. J., Gray, S. R., & Bright, N. A. (2009). The delivery of endocytosed 
cargo to lysosomes. Biochemical Society Transactions, 37(Pt 5), 1019.  

Luzio, J. P., Pryor, P. R., & Bright, N. A. (2007). Lysosomes: Fusion and function. Nature Reviews 
Molecular Cell Biology, 8(8), 622-632. doi:10.1038/nrm2217 

Mahoney, C. P., & Striker, G. E. (2000). Early development of the renal lesions in infantile 
cystinosis. Pediatric Nephrology (Berlin, Germany), 15(1-2), 50-56.  

Malhotra, J. D., Miao, H., Zhang, K., Wolfson, A., Pennathur, S., Pipe, S. W., & Kaufmanabd1, R. 
J. (2008). Antioxidants reduce endoplasmic reticulum stress and improve protein secretion. 
Proceedings of the National Academy of Sciences of the United States of America, 105(47), 
18525-18530. doi:10.1073/pnas.0809677105 

Mancias, J. D., & Kimmelman, A. C. (2016). Mechanisms of selective autophagy in normal 
physiology and cancer. Journal of Molecular Biology, doi:S0022-2836(16)00157-1 [pii] 

Marciano, D. K., Brakeman, P. R., Lee, C. Z., Spivak, N., Eastburn, D. J., Bryant, D. M., . . . 
Reichardt, L. F. (2011). P120 catenin is required for normal renal tubulogenesis and 
glomerulogenesis. Development (Cambridge, England), 138(10), 2099-2109. 
doi:10.1242/dev.056564 [doi] 

Markello, T. C., Bernardini, I. M., & Gahl, W. A. (1993). Improved renal function in children with 
cystinosis treated with cysteamine. The New England Journal of Medicine, 328(16), 1157-
1162. doi:10.1056/NEJM199304223281604 [doi] 

Marom, K., Fainsod, A., & Steinbeisser, H. (1999). Patterning of the mesoderm involves several 
threshold responses to BMP-4 and xwnt-8. Mechanisms of Development, 87(1), 33-44. 
doi:10.1016/S0925-4773(99)00137-9 

Marti, M., Mulero, L., Pardo, C., Morera, C., Carrio, M., Laricchia-Robbio, L., . . . Izpisua 
Belmonte, J. C. (2013). Characterization of pluripotent stem cells. Nature Protocols, 8(2), 
223-253. doi:10.1038/nprot.2012.154 [doi] 

Martin, G. R. (1981). Isolation of a pluripotent cell line from early mouse embryos cultured in 
medium conditioned by teratocarcinoma stem cells. Proc.Natl.Acad.Sci.{U.S.A.}, 78(12), 
7634-7638. doi:10.1073/pnas.78.12.7634 

Marzolo, M. P., & Farfan, P. (2011). New insights into the roles of megalin/LRP2 and the 
regulation of its functional expression. Biol.Res., 44(1), 89-105.  

Massa, F., Garbay, S., Bouvier, R., Sugitani, Y., Noda, T., Gubler, M. C., . . . Fischer, E. (2013). 
Hepatocyte nuclear factor 1beta controls nephron tubular development. Development 
(Cambridge, England), 140(4), 886-896. doi:10.1242/dev.086546 [doi] 

Matano, M., Date, S., Shimokawa, M., Takano, A., Fujii, M., Ohta, Y., . . . Sato, T. (2015). 
Modeling colorectal cancer using CRISPR-Cas9-mediated engineering of human intestinal 
organoids. Nature Medicine, 21(3), 256-262. doi:10.1038/nm.3802 [doi] 

Matsa, E., Rajamohan, D., Dick, E., Young, L., Mellor, I., Staniforth, A., & Denning, C. (2011). 
Drug evaluation in cardiomyocytes derived from human induced pluripotent stem cells 
carrying a long QT syndrome type 2 mutation. European Heart Journal, 32(8), 952-962. 
doi:10.1093/eurheartj/ehr073 [doi] 



!

! 126!

Mattot, V., Moons, L., Lupu, F., Chernavvsky, D., Gomez, R. A., Collen, D., & Carmeliet, P. 
(2002). Loss of the VEGF(164) and VEGF(188) isoforms impairs postnatal glomerular 
angiogenesis and renal arteriogenesis in mice. Journal of the American Society of Nephrology 
: JASN, 13(6), 1548-1560.  

McLauchlan, H., Newell, J., Morrice, N., Osborne, A., West, M., & Smythe, E. (1998). A novel 
role for Rab5–GDI in ligand sequestration into clathrin-coated pits. Current Biology, 8(1), 34-
45. doi:10.1016/S0960-9822(98)70018-1 

Melton, D. A., Sato, Y., Chien, K. R., Caron, L., Osafune, K., Martinez, R. J., . . . Fitz-Gerald, C. 
S. (2008). Marked differences in differentiation propensity among human embryonic stem cell 
lines. Nature Biotechnology, 26(3), 313-315. doi:10.1038/nbt1383 

Merkel, C. E., Karner, C. M., & Carroll, T. J. (2007). Molecular regulation of kidney development: 
Is the answer blowing in the wnt? Pediatr.Nephrol., 22(11), 1825-1838. doi:10.1007/s00467-
007-0504-4 

Merkle, F. T., & Eggan, K. (2013). Modeling human disease with pluripotent stem cells: From 
genome association to function. Cell Stem Cell, 12(6), 656-668. 
doi:10.1016/j.stem.2013.05.016 [doi] 

Miller, J. H. (1986). Restricted growth of rat kidney proximal tubule cells cultured in serum-
supplemented and defined media. Journal of Cellular Physiology, 129(2), 264-272. 
doi:10.1002/jcp.1041290219 [doi] 

Miyazaki, Y., Oshima, K., Fogo, A., Hogan, B. L., & Ichikawa, I. (2000). Bone morphogenetic 
protein 4 regulates the budding site and elongation of the mouse ureter. The Journal of 
Clinical Investigation, 105(7), 863-873. doi:10.1172/JCI8256 [doi] 

Mizushima, N., Yoshimori, T., & Levine, B. (2010). Methods in mammalian autophagy research. 
Cell, 140(3), 313-326. doi:10.1016/j.cell.2010.01.028 [doi] 

Mobasheri, A., & Marples, D. (2004). Expression of the AQP-1 water channel in normal human 
tissues: A semiquantitative study using tissue microarray technology. American Journal of 
Physiology.Cell Physiology, 286(3), 529. doi:10.1152/ajpcell.00408.2003 [doi] 

Mochizuki, E., Fukuta, K., Tada, T., Harada, T., Watanabe, N., Matsuo, S., . . . Wakamatsu, Y. 
(2005). Fish mesonephric model of polycystic kidney disease in medaka (oryzias latipes) pc 
mutant. Kidney International, 68(1), 23-34. doi:10.1111/j.1523-1755.2005.00378.x 

Montesano, R., Schaller, G., & Orci, L. (1991). Induction of epithelial tubular morphogenesis in 
vitro by fibroblast-derived soluble factors. Cell, 66(4), 697-711. doi:0092-8674(91)90115-F 
[pii] 

Morizane, R., Lam, A. Q., Freedman, B. S., Kishi, S., Valerius, M. T., & Bonventre, J. V. (2015). 
Nephron organoids derived from human pluripotent stem cells model kidney development and 
injury. Nat.Biotechnol., 33(11), 1193-1200. doi:10.1038/nbt.3392 

Mugford, J. W., Sipila, P., McMahon, J. A., & McMahon, A. P. (2008). Osr1 expression 
demarcates a multi-potent population of intermediate mesoderm that undergoes progressive 
restriction to an Osr1-dependent nephron progenitor compartment within the mammalian 
kidney. Developmental Biology, 324(1), 88-98. doi:10.1016/j.ydbio.2008.09.010 [doi] 



!

! 127!

Musante, L., Tataruch, D. E., & Holthofer, H. (2014). Use and isolation of urinary exosomes as 
biomarkers for diabetic nephropathy. Frontiers in Endocrinology, 5, 149. 
doi:10.3389/fendo.2014.00149 [doi] 

Napolitano, G., Johnson, J. L., He, J., Rocca, C. J., Monfregola, J., Pestonjamasp, K., . . . Catz, S. 
D. (2015). Impairment of chaperone-mediated autophagy leads to selective lysosomal 
degradation defects in the lysosomal storage disease cystinosis. EMBO Mol Med, 
doi:10.15252/emmm.201404223 

Narayanan, K., Schumacher, K. M., Tasnim, F., Kandasamy, K., Schumacher, A., Ni, M., . . . Ying, 
J. Y. (2013). Human embryonic stem cells differentiate into functional renal proximal tubular-
like cells. Kidney Int., 83(4), 593-603. doi:10.1038/ki.2012.442 

Narlis, M. (2007). Pax2 and pax8 regulate branching morphogenesis and nephron differentiation in 
the developing kidney. J Am Soc Nephrol, 18(4), 1121-1129. doi:10.1681/ASN.2006070739 

Neel, B. A., Zong, H., Backer, J. M., & Pessin, J. E. (2015). Identification of atypical peri-nuclear 
multivesicular bodies in oxidative and glycolytic skeletal muscle of aged and pompe's disease 
mouse models. Frontiers in Physiology, 6, 393. doi:10.3389/fphys.2015.00393 [doi] 

Neufeld, E. B., Wastney, M., Patel, S., Suresh, S., Cooney, A. M., Dwyer, N. K., . . . Blanchette-
Mackie, E. J. (1999). The niemann-pick C1 protein resides in a vesicular compartment linked 
to retrograde transport of multiple lysosomal cargo. Journal of Biological Chemistry, 274(14), 
9627-9635. doi:10.1074/jbc.274.14.9627 

Nevo, N., Chol, M., Bailleux, A., Kalatzis, V., Morisset, L., Devuyst, O., . . . Antignac, C. (2010). 
Renal phenotype of the cystinosis mouse model is dependent upon genetic background. 
Nephrology, Dialysis, Transplantation : Official Publication of the European Dialysis and 
Transplant Association - European Renal Association, 25(4), 1059-1066.  

Nicklin, P., Bergman, P., Zhang, B., Triantafellow, E., Wang, H., Nyfeler, B., . . . Murphy, L. O. 
(2009). Bidirectional transport of amino acids regulates mTOR and autophagy. Cell, 136(3), 
521-534. doi:10.1016/j.cell.2008.11.044 [doi] 

Nielsen, R., Christensen, E. I., & Birn, H. (2016). Megalin and cubilin in proximal tubule protein 
reabsorption: From experimental models to human disease. Kidney International, 89(1), 58-
67. doi:10.1016/j.kint.2015.11.007 

Nishikawa, M., Yanagawa, N., Kojima, N., Yuri, S., Hauser, P., Jo, O., & Yanagawa, N. (2012). 
Stepwise renal lineage differentiation of mouse embryonic stem cells tracing in vivo 
development. Biochemical and Biophysical Research Communications, 417(2), 897-902.  

Nishimura, M., & Naito, S. (2005). Tissue-specific mRNA expression profiles of human ATP-
binding cassette and solute carrier transporter superfamilies. Drug Metab.Pharmacokinet., 
20(6), 452-477.  

Oeda, S., Hayashi, Y., Chan, T., Takasato, M., Aihara, Y., Okabayashi, K., . . . Asashima, M. 
(2013). Induction of intermediate mesoderm by retinoic acid receptor signaling from 
differentiating mouse embryonic stem cells. Int.J.Dev.Biol., 57(5), 383-389. 
doi:10.1387/ijdb.130058ma 

Okabayashi, K., & Asashima, M. (2003). Tissue generation from amphibian animal caps. Current 
Opinion in Genetics & Development, 13(5), 502-507. doi:10.1016/S0959-437X(03)00111-4 



!

! 128!

Oku, M., & Sakai, Y. (2012). Assessment of physiological redox state with novel FRET protein 
probes. Antioxidants & Redox Signaling, 16(7), 698-704. doi:10.1089/ars.2011.4251 [doi] 

Oo, Z. Y., Kandasamy, K., Tasnim, F., & Zink, D. (2012). A novel design of bioartificial kidneys 
with improved cell performance and haemocompatibility. J.Cell.Mol.Med., 17(4), 497-507. 
doi:10.1111/jcmm.12029 

Oxburgh, L., Chu, G., Michael, S., & Robertson, E. (2004). TGFbeta superfamily signals are 
required for morphogenesis of the kidney mesenchyme progenitor population. Development 
(Cambridge, England), 131(18), 4593-4605.  

Pagliuca, F. W., Millman, J. R., Gurtler, M., Segel, M., Van Dervort, A., Ryu, J. H., . . . Melton, D. 
A. (2014). Generation of functional human pancreatic-beta cells in vitro. Cell, 159(2), 428-
439. doi:10.1016/j.cell.2014.09.040 

Palacin, M., Bertran, J., & Zorzano, A. (2000). Heteromeric amino acid transporters explain 
inherited aminoacidurias. Current Opinion in Nephrology and Hypertension, 9(5), 547-553.  

Palacin, M., Chillaron, J., & Mora, C. (1996). Role of the b(o,+)-like amino acid-transport system 
in the renal reabsorption of cystine and dibasic amino acids. Biochemical Society 
Transactions, 24(3), 856-863.  

Parikh, C. R., Moledina, D. G., Coca, S. G., Thiessen-Philbrook, H. R., & Garg, A. X. (2016). 
Application of new acute kidney injury biomarkers in human randomized controlled trials. 
Kidney International, doi:S0085-2538(16)30006-0 [pii] 

Park, J. S., Ma, W., O'Brien, L. L., Chung, E., Guo, J. J., Cheng, J. G., . . . McMahon, A. P. (2012). 
Six2 and wnt regulate self-renewal and commitment of nephron progenitors through shared 
gene regulatory networks. Developmental Cell, 23(3), 637-651. 
doi:10.1016/j.devcel.2012.07.008 [doi] 

Patrick, A. D., & Lake, B. D. (1968). Cystinosis: Electron microscopic evidence of lysosomal 
storage of cystine in lymph node. Journal of Clinical Pathology, 21(5), 571-575.  

Patsch, C., Challet-Meylan, L., Thoma, E. C., Urich, E., Heckel, T., O'Sullivan, J. F., . . . Cowan, 
C. A. (2015). Generation of vascular endothelial and smooth muscle cells from human 
pluripotent stem cells. Nature Cell Biology, 17(8), 994. doi:10.1038/ncb3205 

Pelis, R. M., & Wright, S. H. (2014). SLC22, SLC44, and SLC47 transporters--organic anion and 
cation transporters: Molecular and cellular properties. Current Topics in Membranes, 73, 233.  

Persson, H. (2006). Radiation-induced lysosomal iron reactivity: Implications for radioprotective 
therapy. IUBMB Life, 58(7), 395-401. doi:10.1080/15216540600755998 

Pisoni, R. L., Thoene, J. G., & Christensen, H. N. (1985). Detection and characterization of carrier-
mediated cationic amino acid transport in lysosomes of normal and cystinotic human 
fibroblasts. role in therapeutic cystine removal? The Journal of Biological Chemistry, 260(8), 
4791-4798.  

Pourahmad, J., Khan, S., & O'Brien, P. J. (2001). Lysosomal oxidative stress cytotoxicity induced 
by nitrofurantoin redox cycling in hepatocytes. Advances in Experimental Medicine and 
Biology, 500, 261-265.  



!

! 129!

Puertollano, R. (2014). mTOR and lysosome regulation. F1000prime Reports, 6, 52. eCollection 
2014. doi:10.12703/P6-52 [doi] 

Quaggin, S. E., & Kreidberg, J. A. (2008). Development of the renal glomerulus: Good neighbors 
and good fences. Development (Cambridge, England), 135(4), 609-620. 
doi:10.1242/dev.001081 [doi] 

Raatikainen-Ahokas, A., Hytonen, M., Tenhunen, A., Sainio, K., & Sariola, H. (2000). BMP-4 
affects the differentiation of metanephric mesenchyme and reveals an early anterior-posterior 
axis of the embryonic kidney. Developmental Dynamics : An Official Publication of the 
American Association of Anatomists, 217(2), 146-158.  

Raggi, C., Luciani, A., Nevo, N., Antignac, C., Terryn, S., & Devuyst, O. (2014). Dedifferentiation 
and aberrations of the endolysosomal compartment characterize the early stage of 
nephropathic cystinosis. Human Molecular Genetics, 23(9), 2266-2278. 
doi:10.1093/hmg/ddt617 

Raghavan, V., & Weisz, O. A. (2015). Flow stimulated endocytosis in the proximal tubule. Current 
Opinion in Nephrology and Hypertension, 24(4), 359-365. 
doi:10.1097/MNH.0000000000000135 [doi] 

Raval, K. K., Tao, R., White, B. E., De Lange, W. J., Koonce, C. H., Yu, J., . . . Kamp, T. J. (2015). 
Pompe disease results in a golgi-based glycosylation deficit in human induced pluripotent 
stem cell-derived cardiomyocytes. J.Biol.Chem., doi:10.1074/jbc.M114.628628 

Reardon, S. (2015). 'Organs-on-chips' go mainstream. Nature, 523(7560), 266. 
doi:10.1038/523266a [doi] 

Rega, L. R., Polishchuk, E., Montefusco, S., Napolitano, G., Tozzi, G., Zhang, J., . . . Emma, F. 
(2016). Activation of the transcription factor EB rescues lysosomal abnormalities in cystinotic 
kidney cells. Kidney International, 89(4), 862-873. doi:10.1016/j.kint.2015.12.045 [doi] 

Renigunta, A., Renigunta, V., Saritas, T., Decher, N., Mutig, K., & Waldegger, S. (2011). Tamm-
horsfall glycoprotein interacts with renal outer medullary potassium channel ROMK2 and 
regulates its function. The Journal of Biological Chemistry, 286(3), 2224-2235. 
doi:10.1074/jbc.M110.149880 [doi] 

Rink, J., Ghigo, E., Kalaidzidis, Y., & Zerial, M. (2005). Rab conversion as a mechanism of 
progression from early to late endosomes. Cell, 122(5), 735-749. doi:S0092-8674(05)00697-5 
[pii] 

Rowling, M. J., Kemmis, C. M., Taffany, D. A., & Welsh, J. (2006). Megalin-mediated 
endocytosis of vitamin D binding protein correlates with 25-hydroxycholecalciferol actions in 
human mammary cells. The Journal of Nutrition, 136(11), 2754.  

Ryan, M. J., Johnson, G., Kirk, J., Fuerstenberg, S. M., Zager, R. A., & Torok-Storb, B. (1994). 
HK-2: An immortalized proximal tubule epithelial cell line from normal adult human kidney. 
Kidney International, 45, 48-57. doi:10.1038/ki.1994.6 

Saftig, P., & Klumperman, J. (2009). Lysosome biogenesis and lysosomal membrane proteins: 
Trafficking meets function. Nature Reviews.Molecular Cell Biology, 10(9), 623-635.  



!

! 130!

Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-Peled, L., & 
Sabatini, D. M. (2008). The rag GTPases bind raptor and mediate amino acid signaling to 
mTORC1. Science (New York, N.Y.), 320(5882), 1496-1501. doi:10.1126/science.1157535 
[doi] 

Sancak, Y., Bar-Peled, L., Zoncu, R., Markhard, A., Nada, S., & Sabatini, D. (2010). Ragulator-rag 
complex targets mTORC1 to the lysosomal surface and is necessary for its activation by 
amino acids. Cell, 141(2), 290-303.  

Sands, J. M., & Layton, H. E. (2009). The physiology of urinary concentration: An update. 
Seminars in Nephrology, 29(3), 178-195. doi:10.1016/j.semnephrol.2009.03.008 

Sansanwal, P., Li, L., Hsieh, S., & Sarwal, M. (2010). Insights into novel cellular injury 
mechanisms by gene expression profiling in nephropathic cystinosis. Journal of Inherited 
Metabolic Disease, 33(e0a9cc65-b808-2b28-033a-2fb951a63304), 775-861. 
doi:10.1007/s10545-010-9203-6 

Sansanwal, P., & Sarwal, M. (2010). Abnormal mitochondrial autophagy in nephropathic 
cystinosis. Autophagy, 6(7), 971-973.  

Sansanwal, P., Yen, B., Gahl, W., Ma, Y., Ying, L., Wong, L. C., & Sarwal, M. (2010). 
Mitochondrial autophagy promotes cellular injury in nephropathic cystinosis. Journal of the 
American Society of Nephrology : JASN, 21(a439f513-c0c9-41f0-3dd8-02bd68fb1d16), 272-
355. doi:10.1681/asn.2009040383 

Sato, H., Nomura, S., Maebara, K., Sato, K., Tamba, M., & Bannai, S. (2004). Transcriptional 
control of cystine/glutamate transporter gene by amino acid deprivation. Biochemical and 
Biophysical Research Communications, 325(1), 109-116.  

Schell, C., Wanner, N., & Huber, T. B. (2014). Glomerular development - shaping the multi-
cellular filtration unit. Seminars in Cell & Developmental Biology, 36, 39-49. 
doi:10.1016/j.semcdb.2014.07.016 

Schmid, J. A., Mach, L., Paschke, E., & Glössl, J. (1999). Accumulation of sialic acid in endocytic 
compartments interferes with the formation of mature lysosomes. impaired proteolytic 
processing of cathepsin B in fibroblasts of patients with lysosomal sialic acid storage disease. 
The Journal of Biological Chemistry, 274(27), 19063-19071. doi:10.1074/jbc.274.27.19063 

Schneider, J. A., & Schulman, J. D. (1977). Cystinosis: A review. Metabolism: Clinical and 
Experimental, 26(7), 817-839. doi:0026-0495(77)90070-1 [pii] 

Schuldiner, M., Yanuka, O., Itskovitz-Eldor, J., Melton, D., & Benvenisty, N. (2000). Effects of 
eight growth factors on the differentiation of cells derived from human embryonic stem cells. 
Proceedings of the National Academy of Sciences of the United States of America, 97(21), 
11307-11312.  

Servais, A., Moriniere, V., Grunfeld, J. P., Noel, L. H., Goujon, J. M., Chadefaux-Vekemans, B., & 
Antignac, C. (2008). Late-onset nephropathic cystinosis: Clinical presentation, outcome, and 
genotyping. Clinical Journal of the American Society of Nephrology : CJASN, 3(1), 27-35. 
doi:10.2215/CJN.01740407 



!

! 131!

Settembre, C., & Ballabio, A. (2011). TFEB regulates autophagy: An integrated coordination of 
cellular degradation and recycling processes. Autophagy, 7(11), 1379-1381. 
doi:10.4161/auto.7.11.17166 [doi] 

Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., . . . Ballabio, A. (2012). A 
lysosome-to-nucleus signalling mechanism senses and regulates the lysosome via mTOR and 
TFEB. The EMBO Journal, 31(5), 1095-1108. doi:10.1038/emboj.2012.32 [doi] 

Settembre, C., Di Malta, C., Assunta Polito, V., Arencibia, M. G., Vetrini, F., Erdin, S., . . . 
Ballabio, A. (2011). TFEB links autophagy to lysosomal biogenesis. Science, 332(6036), 
1429-1433. doi:10.1126/science.1204592 

Shams, F., Livingstone, I., Oladiwura, D., & Ramaesh, K. (2014). Treatment of corneal cystine 
crystal accumulation in patients with cystinosis. Clinical Ophthalmology (Auckland, N.Z.), 8, 
2077-2084. doi:10.2147/OPTH.S36626 [doi] 

Sharma, R., Sanchez-Ferras, O., & Bouchard, M. (2015). Pax genes in renal development, disease 
and regeneration. Seminars in Cell & Developmental Biology, 44, 97.  

Sharmin, S., Taguchi, A., Kaku, Y., Yoshimura, Y., Ohmori, T., Sakuma, T., . . . Nishinakamura, 
R. (2016). Human induced pluripotent stem cell-derived podocytes mature into vascularized 
glomeruli upon experimental transplantation. Journal of the American Society of Nephrology : 
JASN, 27(6), 1778-1791. doi:10.1681/ASN.2015010096 

Shevde, N., & Mael, A. (2013). Techniques in embryoid body formation from human pluripotent 
stem cells. Methods in Molecular Biology (Clifton, N.J.), 946, 535-546.  

Shukuya, K., Ogura, S., Tokuhara, Y., Okubo, S., Yatomi, Y., Tozuka, M., & Shimosawa, T. 
(2016). Novel round cells in urine sediment and their clinical implications. Clinica Chimica 
Acta; International Journal of Clinical Chemistry, doi:S0009-8981(16)30142-5 [pii] 

Solenov, E., Watanabe, H., Manley, G. T., & Verkman, A. S. (2004). Sevenfold-reduced osmotic 
water permeability in primary astrocyte cultures from AQP-4-deficient mice, measured by a 
fluorescence quenching method. American Journal of Physiology - Cell Physiology, 286(2), 
426-432. doi:10.1152/ajpcell.00298.2003 

Song, B., Sun, G., Herszfeld, D., Sylvain, A., Campanale, N. V., Hirst, C. E., . . . Bernard, C. C. 
(2012). Neural differentiation of patient specific iPS cells as a novel approach to study the 
pathophysiology of multiple sclerosis. Stem Cell Research, 8(2), 259-273. 
doi:10.1016/j.scr.2011.12.001 [doi] 

Song, J. J., Guyette, J. P., Gilpin, S. E., Gonzalez, G., Vacanti, J. P., & Ott, H. C. (2013). 
Regeneration and experimental orthotopic transplantation of a bioengineered kidney. 
Nat.Med., , 646-651. doi:10.1038/nm.3154 

Song, W. K., Park, K. M., Kim, H. J., Lee, J. H., Choi, J., Chong, S. Y., . . . Lanza, R. (2015). 
Treatment of macular degeneration using embryonic stem cell-derived retinal pigment 
epithelium: Preliminary results in asian patients. Stem Cell Reports, 4(5), 860-872. 
doi:10.1016/j.stemcr.2015.04.005 [doi] 

Spampanato, C., Feeney, E., Li, L., Cardone, M., Lim, J., Annunziata, F., . . . Raben, N. (2013). 
Transcription factor EB (TFEB) is a new therapeutic target for pompe disease. EMBO 
Molecular Medicine, 5(5), 691-706. doi:10.1002/emmm.201202176 



!

! 132!

Spandidos, A., Wang, X., Wang, H., & Seed, B. (2010). PrimerBank: A resource of human and 
mouse PCR primer pairs for gene expression detection and quantification. Nucleic Acids 
Research, 38(Database), D799. doi:10.1093/nar/gkp1005 

Spence, J. R., Mayhew, C. N., Rankin, S. A., Kuhar, M. F., Vallance, J. E., Tolle, K., . . . Wells, J. 
M. (2011). Directed differentiation of human pluripotent stem cells into intestinal tissue in 
vitro. Nature, 470(7332), 105-9. doi:10.1038/nature09691 

Stark, K., Vainio, S., Vassileva, G., & McMahon, A. P. (1994). Epithelial transformation of 
metanephric mesenchyme in the developing kidney regulated by wnt-4. Nature, 372(6507), 
679-683. doi:10.1038/372679a0 

Stefkova, K., Prochazkova, J., & Pachernik, J. (2015). Alkaline phosphatase in stem cells. Stem 
Cells International, 2015, 628368. doi:10.1155/2015/628368 [doi] 

Steinherz, R., Tietze, F., Gahl, W. A., Triche, T. J., Chiang, H., Modesti, A., & Schulman, J. D. 
(1982). Cystine accumulation and clearance by normal and cystinotic leukocytes exposed to 
cystine dimethyl ester. Proceedings of the National Academy of Sciences of the United States 
of America, 79(14), 4446-4450. doi:10.1073/pnas.79.14.4446 

Stokes, M. B., Jernigan, S., & D'Agati, V. D. (2008). Infantile nephropathic cystinosis. Kidney 
International, 73(6), 782-786. doi:10.1038/sj.ki.5002730 

Surendran, K., Vitiello, S., & Pearce, D. (2014). Lysosome dysfunction in the pathogenesis of 
kidney diseases. Pediatric Nephrology, 29(12), 2253-2261. doi:10.1007/s00467-013-2652-z 

Suzuki, T., Toyohara, T., Akiyama, Y., Takeuchi, Y., Mishima, E., Suzuki, C., . . . Abe, T. (2011). 
Transcriptional regulation of organic anion transporting polypeptide SLCO4C1 as a new 
therapeutic modality to prevent chronic kidney disease. J Pharm Sci, 100(9), 3696-3707. 
doi:10.1002/jps.22641 

Szeto, D. P., & Kimelman, D. (2004). Combinatorial gene regulation by bmp and wnt in zebrafish 
posterior mesoderm formation. Develpment, 131, 3751-3760.  

Taguchi, A., Kaku, Y., Ohmori, T., Sharmin, S., Ogawa, M., Sasaki, H., & Nishinakamura, R. 
(2014). Redefining the in vivo origin of metanephric nephron progenitors enables generation 
of complex kidney structures from pluripotent stem cells. Cell Stem Cell, 14(1), 53-67. 
doi:10.1016/j.stem.2013.11.010 

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., & Yamanaka, S. 
(2007). Induction of pluripotent stem cells from adult human fibroblasts by defined factors. 
Cell, 131(5), 861-872. doi:S0092-8674(07)01471-7 [pii] 

Takahashi, K., & Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic 
and adult fibroblast cultures by defined factors. Cell, 126(4), 663-76. 
doi:10.1016/j.cell.2006.07.024 

Takahashi, T., Lord, B., Schulze, P. C., Fryer, R. M., Sarang, S. S., Gullans, S. R., & Lee, R. T. 
(2003). Ascorbic acid enhances differentiation of embryonic stem cells into cardiac myocytes. 
Circulation, 107(14), 1912-1916. doi:10.1161/01.CIR.0000064899.53876.A3 [doi] 

Takasato, M., Er, P. X., Becroft, M., Vanslambrouck, J. M., Stanley, E. G., Elefanty, A. G., & 
Little, M. H. (2014). Directing human embryonic stem cell differentiation towards a renal 



!

! 133!

lineage generates a self-organizing kidney. Nat.Cell Biol., 16(1), 118-126. 
doi:10.1038/ncb2894 

Takasato, M., Er, P. X., Chiu, H. S., Maier, B., Baillie, G. J., Ferguson, C., . . . Little, M. H. (2015). 
Kidney organoids from human iPS cells contain multiple lineages and model human 
nephrogenesis. Nature, 526(7574), 564-568. doi:10.1038/nature15695 

Tang, H., Hammack, C., Ogden, S. C., Wen, Z., Qian, X., Li, Y., . . . Ming, G. L. (2016). Zika 
virus infects human cortical neural progenitors and attenuates their growth. Cell Stem Cell, 
18(5), 587-590. doi:10.1016/j.stem.2016.02.016 [doi] 

Tanigawa, S., Taguchi, A., Sharma, N., Perantoni, A., & Nishinakamura, R. (2016). Selective 
In Vitro propagation of nephron progenitors derived from embryos and pluripotent stem cells. 
Cell Reports, 15(4), 801-813. doi:10.1016/j.celrep.2016.03.076 

Tanner, G. A. (2012). Kidney function. Medical physiology. 4th ed (pp. 399-426) Philadelphia, PA: 
Wolters Kluwer Health/Lippincott Williams & Wilkins. 

Tasnim, F., & Zink, D. (2012). Cross talk between primary human renal tubular cells and 
endothelial cells in cocultures. American Journal of Physiology - Renal Physiology, 302(8), 
1055-1062. doi:10.1152/ajprenal.00621.2011 

Taub, M. (1997). Primary kidney cells. Methods in Molecular Biology (Clifton, N.J.), 75, 153.  

Thedieck, C., Kalbacher, H., Kuczyk, M., Müller, G. A., Müller, C. A., & Klein, G. (2007). 
Cadherin-9 is a novel cell surface marker for the heterogeneous pool of renal fibroblasts. PloS 
One, 2(7), e657. doi:10.1371/journal.pone.0000657 

Thoene, J. G., Oshima, R. G., Crawhall, J. C., Olson, D. L., & Schneider, J. A. (1976). Cystinosis. 
intracellular cystine depletion by aminothiols in vitro and in vivo. The Journal of Clinical 
Investigation, 58(1), 180-189. doi:10.1172/JCI108448 [doi] 

Thomson, J., Itskovitz-Eldor, J., Shapiro, S., Waknitz, M., Swiergiel, J., Marshall, V., & Jones, J. 
(1998). Embryonic stem cell lines derived from human blastocysts. Science (New York, N.Y.), 
282(5391), 1145-1147.  

Town, M., Jean, G., Cherqui, S., Attard, M., Forestier, L., Whitmore, S., . . . Antignac, C. (1998). A 
novel gene encoding an integral membrane protein is mutated in nephropathic cystinosis. 
Nature Genetics, 18(4), 319-324.  

Vaisbich, M. H., Pache de Faria Guimaraes, L, Shimizu, M. H., & Seguro, A. C. (2011). Oxidative 
stress in cystinosis patients. Nephron Extra, 1(1), 73-77. doi:10.1159/000331445 [doi] 

Van der Biest, I., Nouwen, E. J., Van Dromme, S. A., & De Broe, M. E. (1994). Characterization 
of pure proximal and heterogeneous distal human tubular cells in culture. Kidney 
International, 45(1), 85-94. doi:10.1038/ki.1994.10 

Vázquez, C. L., & Colombo, M. I. (2009). Assays to assess autophagy induction and fusion of 
autophagic vacuoles with a degradative compartment, using monodansylcadaverine (MDC) 
and DQ-BSA. Methods in Enzymology, 452, 85.  

Vigneau, C., Polgar, K., Striker, G., Elliott, J., Hyink, D., Weber, O., . . . Wilson, P. (2007). Mouse 
embryonic stem cell-derived embryoid bodies generate progenitors that integrate long term 



!

! 134!

into renal proximal tubules in vivo. Journal of the American Society of Nephrology : JASN, 
18(6), 1709-20. doi:10.1681/ASN.2006101078 

Vitner, E. B., Platt, F. M., & Futerman, A. H. (2010). Common and uncommon pathogenic 
cascades in lysosomal storage diseases. Journal of Biological Chemistry, 285(27), 20423-
20427. doi:10.1074/jbc.R110.134452 

Vitvitsky, V., Witcher, M., Banerjee, R., & Thoene, J. (2010). The redox status of cystinotic 
fibroblasts. Molecular Genetics and Metabolism, 99(4), 384-388.  

Vukicevic, S., Kopp, J. B., Luyten, F. P., & Sampath, T. K. (1996). Induction of nephrogenic 
mesenchyme by osteogenic protein 1 (bone morphogenetic protein 7). Proceedings of the 
National Academy of Sciences of the United States of America, 93(17), 9021-9026. 
doi:10.1073/pnas.93.17.9021 

Wan, F., Lenardo, M. J., Liu, Z., Yu, L., Rong, Y., Oorschot, V., . . . Mardones, G. A. (2010). 
Termination of autophagy and reformation of lysosomes regulated by mTOR. Nature, 
465(7300), 942-946. doi:10.1038/nature09076 

Ward, C., Martinez-Lopez, N., Otten, E. G., Carroll, B., Maetzel, D., Singh, R., . . . Korolchuk, V. 
I. (2016). Autophagy, lipophagy and lysosomal lipid storage disorders. Biochimica Et 
Biophysica Acta, 1864(4), 269-284. doi:10.1016/j.bbalip.2016.01.006 [doi] 

Waypa, G. B., Smith, K. A., & Schumacker, P. T. (2016). O2 sensing, mitochondria and ROS 
signaling: The fog is lifting. Molecular Aspects of Medicine, 47-48, 76. 
doi:10.1016/j.mam.2016.01.002 

Wilmer, M. J. (2008). Urinary protein excretion pattern and renal expression of megalin and cubilin 
in nephropathic cystinosis. American Journal of Kidney Diseases, 51(6), 893-903. 
doi:10.1053/j.ajkd.2008.03.010 

Wilmer, M. J., Ng, C. P., Lanz, H. L. L., Vulto, P., Suter-Dick, L., & Masereeuw, R. (2016). 
Kidney-on-a-chip technology for drug-induced nephrotoxicity screening. Trends Biotechnol., 
34(2), 156-170. doi:10.1016/j.tibtech.2015.11.001 

Wilmer, M., de Graaf-Hess, A., Blom, H., Dijkman, H., Monnens, L., van den Heuvel, L., & 
Levtchenko, E. (2005). Elevated oxidized glutathione in cystinotic proximal tubular epithelial 
cells. Biochemical and Biophysical Research Communications, 337(3e849fcb-b2a8-c82b-
eac1-fc7fc88ed0e7), 610-614. doi:10.1016/j.bbrc.2005.09.094 

Wilmer, M., Emma, F., & Levtchenko, E. (2010). The pathogenesis of cystinosis: Mechanisms 
beyond cystine accumulation. American Journal of Physiology.Renal Physiology, 299(5), 16.  

Wilmer, M., Kluijtmans, L., van der Velden, T., Willems, P., Scheffer, P., Masereeuw, R., . . . 
Levtchenko, E. (2011). Cysteamine restores glutathione redox status in cultured cystinotic 
proximal tubular epithelial cells. Biochimica Et Biophysica Acta, 1812(6), 643-651.  

Wilmut, I., Schnieke, A. E., McWhir, J., Kind, A. J., & Campbell, K. H. (1997). Viable offspring 
derived from fetal and adult mammalian cells. Nature, 385(6619), 810-813. 
doi:10.1038/385810a0 



!

! 135!

Winkle, A. P., Gates, I. D., & Kallos, M. S. (2012). Mass transfer limitations in embryoid bodies 
during human embryonic stem cell differentiation. Cells Tissues Organs, 196(1), 34-47. 
doi:10.1159/000330691 

Wu, J., Rostami, M. R., Olaya, D. P., & Tzanakakis, E. S. (2014). Oxygen transport and stem cell 
aggregation in stirred-suspension bioreactor cultures. PloS One, 9(7), e102486. 
doi:10.1371/journal.pone.0102486 

Xia, Y., Sancho-Martinez, I., Nivet, E., Rodriguez Esteban, C., Campistol, J. M., & Izpisua 
Belmonte, J. C. (2014). The generation of kidney organoids by differentiation of human 
pluripotent cells to ureteric bud progenitor-like cells. Nature Protocols, 9(11), 2693-2704. 
doi:10.1038/nprot.2014.182 

Xu, H., & Ren, D. (2015). Lysosomal physiology. Annual Review of Physiology, 77, 57.  

Yang, L., Soonpaa, M. H., Adler, E. D., Roepke, T. K., Kattman, S. J., Kennedy, M., . . . Keller, G. 
M. (2008). Human cardiovascular progenitor cells develop from a KDR+ embryonic-stem-
cell-derived population. Nature, 453(7194), 524-528. doi:10.1038/nature06894 [doi] 

Yin, X., Mead, B. E., Safaee, H., Langer, R., Karp, J. M., & Levy, O. (2016). Engineering stem cell 
organoids. Cell Stem Cell, 18(1), 25-38. doi:10.1016/j.stem.2015.12.005 [doi] 

Yu, Y., Kudchodkar, S. B., & Alwine, J. C. (2005). Effects of simian virus 40 large and small 
tumor antigens on mammalian target of rapamycin signaling: Small tumor antigen mediates 
hypophosphorylation of eIF4E-binding protein 1 late in infection. Journal of Virology, 79(11), 
6882-6889. doi:79/11/6882 [pii] 

Zacchia, M., & Capasso, G. (2015). The importance of uromodulin as regulator of salt reabsorption 
along the thick ascending limb. Nephrology, Dialysis, Transplantation : Official Publication 
of the European Dialysis and Transplant Association - European Renal Association, 30(2), 
158-160. doi:10.1093/ndt/gfu365 [doi] 

Zeisberg, M., Shah, A. A., & Kalluri, R. (2005). Bone morphogenic protein-7 induces 
mesenchymal to epithelial transition in adult renal fibroblasts and facilitates regeneration of 
injured kidney. Journal of Biological Chemistry, 280(9), 8094-8100. 
doi:10.1074/jbc.M413102200 

Zerial, M., & McBride, H. (2001). Rab proteins as membrane organizers. Nature 
Reviews.Molecular Cell Biology, 2(2), 107-117. doi:10.1038/35052055 [doi] 

Zhang, J., Nuebel, E., Daley, G. Q., Koehler, C. M., & Teitell, M. A. (2012). Metabolic regulation 
in pluripotent stem cells during reprogramming and self-renewal. Cell Stem Cell, 11(5), 589-
595. doi:10.1016/j.stem.2012.10.005 [doi] 

Zhao, F., Pathi, P., Grayson, W., Xing, Q., Locke, B. R., & Ma, T. (2005). Effects of oxygen 
transport on 3-d human mesenchymal stem cell metabolic activity in perfusion and static 
cultures: Experiments and mathematical model. Biotechnology Progress, 21(4), 1269-1280. 
doi:10.1021/bp0500664 

Zhou, S., Szczesna, K., Ochalek, A., Kobolak, J., Varga, E., Nemes, C., . . . Avci, H. X. (2016). 
Neurosphere based differentiation of human iPSC improves astrocyte differentiation. Stem 
Cells International, 2016, 4937689. doi:10.1155/2016/4937689 [doi] 



!

! 136!

Zhuo, J. L., & Li, X. C. (2013). Proximal nephron. Compr Physiol, 3(3), 1079-1123. 
doi:10.1002/cphy.c110061 

Zoncu, R., Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., & Sabatini, D. M. (2011). mTORC1 
senses lysosomal amino acids through an inside-out mechanism that requires the vacuolar 
H(+)-ATPase. Science (New York, N.Y.), 334(6056), 678-683. doi:10.1126/science.1207056 
[doi] 

 



OXFORD UNIVERSITY PRESS LICENSE
TERMS AND CONDITIONS

Jun 05, 2017

This Agreement between Aneta J Przepiorski ("You") and Oxford University Press ("Oxford University Press") consists of
your license details and the terms and conditions provided by Oxford University Press and Copyright Clearance Center.

License Number 3893020819880

License date Jun 20, 2016

Licensed Content
Publisher

Oxford University Press

Licensed Content
Publication

British Medical Bulletin

Licensed Content Title MICRODISSECTION OF THE NEPHRON IN DISEASE:

Licensed Content
Author

E. M. DARMADY, FAY STRANACK

Licensed Content Date Jan 1, 1957

Type of Use Thesis/Dissertation

Institution name

Title of your work Using induced pluripotent stem cells to model cystinosis

Publisher of your work n/a

Expected publication
date

Jun 2016

Permissions cost 0.00 AUD

Value added tax 0.00 AUD

Total 0.00 AUD
Requestor Location Aneta J Przepiorski

85 Park Road
University of Auckland, FMHS
BLDG 504 L3 GRAFTON
Auckland, Auckland 1142
New Zealand
Attn: Aneta J Przepiorski

Publisher Tax ID GB125506730

Billing Type Invoice

Billing Address Aneta J Przepiorski
85 Park Road
University of Auckland, FMHS
BLDG 504 L3 GRAFTON
Auckland, New Zealand 1142
Attn: Aneta J Przepiorski

Total 0.00 AUD
Terms and Conditions

STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL FROM AN OXFORD UNIVERSITY
PRESS JOURNAL

1. Use of the material is restricted to the type of use specified in your order details.
2. This permission covers the use of the material in the English language in the following territory: world. If you have
requested additional permission to translate this material, the terms and conditions of this reuse will be set out in
clause 12.
3. This permission is limited to the particular use authorized in (1) above and does not allow you to sanction its use
elsewhere in any other format other than specified above, nor does it apply to quotations, images, artistic works etc
that have been reproduced from other sources which may be part of the material to be used.

RightsLink - Your Account https://s100.copyright.com/MyAccount/viewPrintableLicenseDet...

1 of 2 6/06/17 3:54 pm



4. No alteration, omission or addition is made to the material without our written consent. Permission must be
re-cleared with Oxford University Press if/when you decide to reprint.
5. The following credit line appears wherever the material is used: author, title, journal, year, volume, issue number,
pagination, by permission of Oxford University Press or the sponsoring society if the journal is a society journal. Where
a journal is being published on behalf of a learned society, the details of that society must be included in the credit line.
6. For the reproduction of a full article from an Oxford University Press journal for whatever purpose, the corresponding
author of the material concerned should be informed of the proposed use. Contact details for the corresponding
authors of all Oxford University Press journal contact can be found alongside either the abstract or full text of the article
concerned, accessible from www.oxfordjournals.org Should there be a problem clearing these rights, please contact
journals.permissions@oup.com
7. If the credit line or acknowledgement in our publication indicates that any of the figures, images or photos was
reproduced, drawn or modified from an earlier source it will be necessary for you to clear this permission with the
original publisher as well. If this permission has not been obtained, please note that this material cannot be included in
your publication/photocopies.
8. While you may exercise the rights licensed immediately upon issuance of the license at the end of the licensing
process for the transaction, provided that you have disclosed complete and accurate details of your proposed use, no
license is finally effective unless and until full payment is received from you (either by Oxford University Press or by
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and conditions. If full payment is
not received on a timely basis, then any license preliminarily granted shall be deemed automatically revoked and shall
be void as if never granted. Further, in the event that you breach any of these terms and conditions or any of CCC's
Billing and Payment terms and conditions, the license is automatically revoked and shall be void as if never granted.
Use of materials as described in a revoked license, as well as any use of the materials beyond the scope of an
unrevoked license, may constitute copyright infringement and Oxford University Press reserves the right to take any
and all action to protect its copyright in the materials.
9. This license is personal to you and may not be sublicensed, assigned or transferred by you to any other person
without Oxford University Press’s written permission.
10. Oxford University Press reserves all rights not specifically granted in the combination of (i) the license details
provided by you and accepted in the course of this licensing transaction, (ii) these terms and conditions and (iii) CCC’s
Billing and Payment terms and conditions.
11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, and their respective officers,
directors, employs and agents, from and against any and all claims arising out of your use of the licensed material
other than as specifically authorized pursuant to this license.
12. Other Terms and Conditions:
v1.4

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.

RightsLink - Your Account https://s100.copyright.com/MyAccount/viewPrintableLicenseDet...

2 of 2 6/06/17 3:54 pm


	coversheet.pdf
	General copyright and disclaimer


