
EVALUATING THE EXPRESSION PROFILE 

AND DEVELOPMENTAL POTENTIAL OF 

MOUSE KIDNEY-DERIVED STEM CELLS 

Thesis submitted in accordance with the 

requirements of the University of Liverpool for the 

degree of Doctor in Philosophy 

by 

Egon Jacopo Ranghini 

February 2011 



Acknowledgements 

My first and biggest acknowledgement is for my Supervisor, Dr. Patricia 

Murray, for leading my work during my PhD always with true 

enthusiasm, for her endless support, for her precious advices and for all 

the opportunities I was given since I arrived in Liverpool. The progresses 

I have made and the scientist I have become have been possible thanks 

to her supervision. 

I would like to sincerely acknowledge Dr. Bettina Wilm, Mr. Simon Kenny 

and Prof. David Edgar for fol/owing my work with deep interest, for their 

accurate suggestions and their helpful criticisms that have profoundly 

contributed to improve my work. 

I feel very grateful to Prof. Giovanni Camussi and Prof. Benedetta 

Bussolati, as I was given the opportunity to work and complete a crucial 

part of my project under their supervision in Torino. Many thanks to Dr. 

Stefania Bruno for her support and for the time and energy she 

dedicated to my work during my stay in Torino. 

I would like to deeply thank Mr. Sokratis Theocharatos for providing the 

EGFP-expressing vector, but mostly for being a great and truthful friend. 

Your company and friendship was very important for me and I already 

know I will miss you, my friend, when I leave Liverpool. 

I would like to express aI/ my gratitude to my sincere friend Abs for his 

company and for sharing with me nearly 4 years in Liverpool. I'm also 

very grateful to aI/ my friends in Liverpool, in particular to Maurycy, 

Deepak, Ale, Nicole, Milos, Laurence and Jonathan for making me feel 

like I was at home. I cannot find the right words to explain how that was 

important for me! Last, but not least, I would like to thank all my 

colleagues in Liverpool, my relatives and anyone who gave me support, 

advices and criticisms during these years. Grazie! 



Abstract 

ABSTRACT 

The mammalian kidney develops through a series of complex 

interactions between two embryonic tissues - the metanephric 

mesenchyme (MM) and the ureteric bud (US). It has been 

demonstrated that all cell types present in the main body of the 

nephron, the functional unit of the adult kidney, derive from a 

population of progenitor cells present in the cap mesenchyme, a 

domain of the MM adjacent to the US tips. It is therefore plausible 

that a fraction of these progenitor cells might remain 

undifferentiated as the kidney develops, in order to give rise to the 

resident kidney stem/progenitor cells present in the adult organ. 

The main objective of the present study was to compare the 

expression profile and nephrogenic potential of in vitro cultured 

MM cells with that of a kidney-derived stem cell clonal line (H6 

clone), isolated from postnatal mouse kidney. The rationale of this 

study was that a comparable expression profile and nephrogenic 

ability between in vitro cultured MM cells and H6 cells would 

suggest that the H6 clonal line might represent a remnant of the 

embryonic MM present in the adult kidney. 

The initial part of this study aimed to optimize culture conditions 

that could support the expansion of MM cells, isolated from E11.5 

mouse kidney rudiments, in vitro for several days. It was found 

that when cultured in the presence of SMP7 and FGF2 and on 

uncoated tissue culture dishes, MM cells could undergo expansion 

and maintained an MM-like phenotype for, several days, as 

indicated by the expression of many MM-specific markers, such as 

Wt1, 08r1, 8all1, Gdnf and Vim. The nephrogenic potential of in 

vitro cultured MM cells was investigated using the chimera 
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formation assay, which consisted of recombining MM cells, 

labelled with quantum dots, with E11.S reaggregated kidney 

rudiments. If MM cells following in vitro culture retained a 

nephrogenic potential, then it would be expected that they would 

be able to participate nephrogenesis and integrate into nephron­

like developing structures. The chimera formation assay 

demonstrated that in vitro cultured MM cells retained a 

nephrogenic potential, as following recombination with E11.S 

reaggregated kidney rudiments, cultured MM cells were able to 

integrate into nephron-like developing structures, but not into the 

UB. In the second part of this study the expression profile and 

nephrogenic potential of the H6 clonal line was investigated and 

compared with that of cultured MM cells. The H6 clonal line 

showed limitless proliferative capacity and the ability to 

spontaneously generate renal-like cell types in culture, such as 

podocyte-Iike and proximal tubule-like cells. Besides, H6 cells 

could also differentiate into non renal cell types, such as 

osteocytes and adipocytes. H6 cells expressed many stem cell 

markers and, except for Sal/1, the same set of MM-specific genes 

already found in freshly isolated and cultured MM cells. In addition, 

H6 cells expressed many markers normally found in fully 

differentiated renal cells, such as synaptopodin, mega/in, desmin 

and aquaporin1. /n vitro megalin functionality assay demonstrated 

that the H6 clonal line could generate functional proximal tubule­

like cells, as a subset of H6 cells was able to uptake albumin 

through the megalin receptor. Following recombination with E11.S 

reaggregated kidney rudiments, H6 cells integrated into nephron­

like developing structures at a comparable ratio with that of 4 days 

cultured MM cells. In addition, H6 cells participated in the 

formation of developing renal-like structures, such as developing 

glomeruli and proximal tubules. Similar to the embryonic MM, the 
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H6 clonal line did not integrate into UB. In the last part of this study 

the nephrogenic potential of the H6 clonal line was investigated in 

a mouse model of acute renal tubular failure (ARF), induced by 

intramuscular injection of glycerol. When injected into the tail vein 

of ARF-induced mice at the peak of renal injury, H6 cells were 

able to reach the kidney and engraft mainly, if not exclusively, into 

damaged proximal tubules. The cells persisted in the kidney for up 

to 9 days, which was the latest time point investigated. Engrafted 

cells displayed apical localization of megalin, suggesting that they 

had differentiated to proximal tubule cells in vivo. However, it was 

found that the H6 clonal line could not accelerate the recovery of 

ARF-induced kidney, compared with PBS-injected animals. 

Finally, it was found that the H6 clonal line did not integrate into 

non-target organs, such as lung, spleen and liver, and did not 

show any tumorigenic potential. In conclusion, the results of this 

study suggest that the H6 clonal line might represent a remnant of 

the embryonic MM present in the postnatal organ. The H6 clonal 

line might act as a bi-potent stem cell population, since it is able to 

generate podocyte-like cells and proximal tubule-like cells in 

culture. 
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Chapter 1 

1.1 The Kidney 

The kidneys are important organs that regulate the level of water 

and solutes in the blood and contribute to maintain the 

homeostasis of the body by eliminating waste products in the form 

of urine. In humans the kidneys are located on each side of the 

vertebral column, in the posterior part of the abdomen. Because of 

the asymmetry of the abdominal cavity, the right kidney is situated 

slightly lower than the left one, which is located slightly more 

medially. In a normal adult human, each kidney is bean-shaped 

and is about 11 to 12 cm long, 5 to 7.5 cm width and 2.5 to 3 cm 

thick. The weight of each adult kidney ranges form 115 g to 170 g, 

thus representing 0.5% of the total weight of the body (Brenner, 

2000). 

Medullary 

Base of renal pyramid 

Renal cortex 

~- Fibrous capsule 
Minor calyces 

Blood vessels entering 
in renal parenchyma 

Fat in renal sinus 

Minor calyces 

Ureter 

Figure 1. Section of human kidney (Modified from www.novartis.com). 
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A tough fibrous tissue, called the renal capsule, surrounds the 

kidney. The external portion of the kidney is called the renal 

cortex. Beneath the renal cortex lies the renal medulla, an area 

that in humans contains up to 18 cone-shaped sections called the 

renal pyramids (Brenner, 2000). The tip of each renal pyramid 

points towards the centre of the kidney and empties into a calyx 

which in turn empties into the renal pelvis (Fig. 1). Unlike in 

humans, the rodent kidney contains only one renal pyramid, which 

empties into the renal pelvis (Brenner, 2000). The function of the 

pelvis is to transmit the urine into the bladder through the ureter. 

1.1.1 The nephron 

Bowman's capsule 
\. Glomerulus Proximal convolute tubule 

Arteriole from renal artery ~ \ / 
~ ___ Connecting tubule 

Arteriole from glomerulus ___ ......... 
Distal convolute tubule 

Branch of renal vein 

Proximal straight tubule - - - ----1'''''-
- Collecting duct 

Loop of Henle 

Thick ascending limb 

Figure 2. Representation of nephron (Modified from www.anselm.edu). 
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The nephron represents the functional unit of the kidney. Each 

human kidney contains approximately 6 x 105 
- 1.4 x 10

6 

nephrons, whereas the rat and mouse kidney contain about 3 x 

104 and 1.1 x 104 nephrons, respectively (Brenner, 2000; 

Dickinson et aI., 2005). The nephron consists of five distinct 

structures, namely the renal corpuscle (which includes the 

glomerulus and Bowman's capsule), the proximal tubules, the thin 

limbs, the distal tubules and the connecting segment (Fig. 2) 

(Brenner, 2000). As demonstrated by Kobayashi and colleagues, 

all these structures arise from a domain within the metanephric 

mesenchyme called the cap mesenchyme (Kobayashi et aI., 

2008). At the most distal end, the nephron is connected with the 

collecting duct system: although the nephron and collecting duct 

are strictly functionally interconnected, the collecting duct is not 

considered part of the body of the nephron, since it arises from the 

ureteric bud instead of the metanephric mesenchyme (Brenner, 

2000). 

The renal corpuscle, commonly referred to as the glomerulus, 

represents the structure of the nephron where the blood is filtered 

and the plasma ultrafiltrate is produced. The glomerulus includes 

endothelial cells, mesangial cells, visceral epithelial cells and 

parietal epithelial cells of the Bowman's capsule. Visceral epithelial 

cells, also called podocytes, are the largest cells present in the 

glomerulus and are characterized by the presence of long 

cytoplasmic processes and smaller foot processes that attach to 

the underlying glomerular basement membrane (GBM) (Fig. 3) 

(Brenner, 2000, Shankland, 2006). Podocytes are highly 

specialized, terminally differentiated cells with the task of filtering 

the blood: they form a size barrier and charge barrier to proteins, 

maintain the glomerular loop shape, secrete vascular endothelial 
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growth factor (VEGF) and synthesize and maintain the GBM 

(Shankland, 2006). Podocytes are critically important for the 

development of kidney disease: depletion of podocytes due to 

infection, genetic, immune and toxic insults leads to proteinuria, a 

condition which might lead to glomerulosclerosis and ultimately to 

kidney failure (Shankland, 2006; Ronconi et aI. , 2009). 

Figure 3. Scanning electron micrograph of a podocyte (P) with cytoplasmic (C) 

and foot (F) processes surrounding glomerular capillaries (Modified from 

Smoyer and Mundel, 1998). 

Once formed, the ultrafiltrate is collected in the urinary space of 

the Bowman's capsule, and then enters the renal tubules. The 

proximal tubule represents the first part of the renal tubule: it is 

formed by a convoluted portion (pars convoluta), which is a 

protraction of the parietal epithelium of the Bowman's capsule, and 

a straight portion (pars recta), which is connected with the thin 

limb of the loop of Henle (Brenner, 2000). Proximal tubules playa 

pivotal role in maintaining body homeostasis, as the reabsorption 

and secretion of an immensely broad spectrum of inorganic and 
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organic molecules occurs within these segments (see section 6.1 

for more details) (Brenner, 2000; Christensen and Gburek, 2004, 

Sweet, 2005; Sweet et aI., 2006). The descending thin limb of the 

loop of Henle connects the pars recta of the proximal tubule with 

the thick ascending limb of the distal tubule (Brenner, 2000). 

Generally, nephrons with short loops of Henle originate from 

superficial or mid-cortical locations, whereas nephrons with long 

loops of Henle originate form the corticomedullary boundary 

(Brenner, 2000). The distal tubule represents the terminal segment 

of the nephron: it is formed by the thick ascending limb (pars 

recta) and the distal convoluted tubule (pars convoluta). The distal 

convoluted tubule extends to the connecting tubule, which couples 

the nephron with the collecting duct (Brenner, 2000). The 

ultrafiltrate produced in the Bowman's capsule moves through the 

proximal and distal tubules towards the collecting duct, then into 

the ureter where it is finally drained into the bladder in the form of 

urine. 

Mammalian nephrogenesis is completed by birth or during the 

early postnatal period. In humans, for instance, the full endowment 

of nephrons is formed during intrauterine life (Dickinson et aI., 

2005); conversely, in rodents, such as in mouse and rat, 

nephrogenesis continues until approximately postnatal day (P) 7 

and P10, respectively (Dickinson et aI., 2005). Since the 

mammalian kidney cannot form new nephrons following postnatal 

life, an extensive loss of nephrons due to damage or disease 

leads to chronic kidney disease, which might u,ltimately result in 

end-stage renal disease (ESRD). 
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1.1.2 Kidney development 

The three embryonic germ layers, the endoderm, the mesoderm 

and the ectoderm, are generated during gastrulation, which occurs 

at approximately embryonic day (E) 6.5 in mouse and at E15 in 

humans (Fig . 4) . 

Neural tube 

Intermediate me:soderm 

Ectoderm ____ 1 ___ Lateral plate 
mesoderm 

Notochord 

Figure 4. Transverse section of human embryo (E21 .0) showing the three 

embryonic germ layers (Modified from http://connection .lww.com). 

The mesoderm gives rise to three sub-populations: the paraxial 

mesoderm, the lateral plate mesoderm and the intermediate 

mesoderm. Besides, the mesoderm gives rise to the notochord, 

which defines the primitive axis of the embryo. The paraxial 

mesoderm gives rise to the head tissues and the somites, which 

forms the cartilage of the vertebrae and ribs, the muscles of the rib 

cage, back and limbs, and the dermis of the dorsal skin . The 

lateral plate mesoderm generates some extra embryonic tissues 

and the somatic (parietal) and splanchnic (visceral) mesoderm. 

The somatic mesoderm forms the future body wall, and the 

splanchnic layer forms the circulatory system and the gut wall. The 

intermediate mesoderm gives rise to the kidney and the gonads 

and their respective duct systems, forming the urogenital system 
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(Gilbert, 2006; Risbud et aI., 2010). Nevertheless, more recent 

studies have suggested that kidney development might depend on 

integration mechanisms between intermediate and paraxial 

mesoderm: in fact it has been demonstrated that epithelial 

structures of the nephron arise from the intermediate mesoderm, 

whereas renal stromal cells derive from the paraxial mesoderm 

(Guillaume et aI., 2009). 

Intermediate 
mesoderm 

/\ 
Gonads Kidney 

-/ 
Paraxial 

mesoderm 

/\ 
Somite Head 

Neural tube 

/ 
Lateral plate 
mesoderm 

SPlanchni~EXlra embryonic 
mesoderm tissues 

Cartilage ~ Dermatome 

Myotome 

Somatic 
mesoderm 

Figure 5. Schematic representation of mesoderm layers and their derivative 

tissues (Modified from http://www.dls.ym.edu.tw). 

The development of the mammalian kidney proceeds through 

three subsequent stages in which the intermediate mesoderm 

generates three distinct excretory organs: the pronephros, the 

mesonephros and the metanephros. Both the pronephros and the 

mesonephros are only transient in mammals, while the 

metanephros develops into the permanent kidney. 
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1. 1.2. 1 The pronephros 

The development of the pronephros into a functional excretory 

organ is limited to some lower vertebrates such as primitive fish 

(lampreys and hagfish), and to the larval stage of teleost fish (e.g. 

zebrafish) and amphibians. The pronephric duct, which constitutes 

the central component of the excretory system throughout 

development, originates in the intermediate mesoderm just ventral 

to the anterior somite at E8.0 in mouse and at E22.0 in humans. 

Once formed, the cells of the nephric duct migrate from the 

anterior location until it opens into the cloaca. During this process 

the anterior region of the duct induces the adjacent mesenchyme 

to form the tubules of the pronephros (Fig. 6) (SaxEm, 1987; 

Gilbert, 2006). 

1. 1.2.2 The mesonephros 

The mesonephros represents the permanent kidney of amphibians 

and most fish . In higher vertebrates the mesonephros develops 

caudal to the pronephros (Fig . 6). 

(ii) . _ (iii) 

I 

- : 
~ I Gonau- _ -I. 

Mesonephros 

Nephric cord 

Cloaca 
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Figure 6. Schematic representation of mammalian kidney development. The 

excretory system develops throughout three subsequent organs, the 

pronephros (i), the mesonephros (ii), and the metanephros (iii) (Modified from 

Gilbert, 2006). 

As the mesonephros is developing, the pronephric tubules and the 

anterior part of the pronephric duct start to degenerate. The 

remaining portion of the pronephric duct is often called the nephric 

or Wolffian duct (after CF Wolff described it in 1759). In humans 

the mesonephros starts to develop around E25.0. Although it 

consists of a large number of mesonephric tubules (around 30) 

that might have a filtering function during embryonic life, the 

mesonephros does not function as a working kidney (Brenner, 

2000). However, the mesonephros provides important 

developmental functions: for example in male mammals some 

mesonephric tubules give rise to the vas deferens and efferent 

ducts of the testes (Saxen, 1987; Gilbert, 2006). 

1. 1.2.3 The metanephros 

The metanephros is the final stage of kidney development for all 

amniotes, thus representing the permanent kidney. It originates 

through a complex set of inductive interactions between two 

tissues of the intermediate mesoderm: the metanephric 

mesenchyme and the epithelium of the ureteric bud (Saxen, 1987; 

Gilbert, 2006). In humans the development starts at the fifth week 

(E10.5 in mouse) when the ureteric bud emerges from the nephric 

duct in the region of the hind limb (Kuure et aI., 2000) and invades 

the metanephric mesenchyme. The ureteric bud starts to divide 

dichotomously into 6-11 branches, which subsequently develop 

into the collecting ducts, the renal pelvis, the ureter and the 

bladder trigone (Murer et aI., 2007). As Fig. 7 shows, the tips of 
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the branches induce the mesenchymal cells of the metanephric 

mesenchyme to condense and differentiate around them into 

epithelial aggregates called the renal vesicles. These aggregates 

start to proliferate and elongate into an intricate structure that first 

gives rise to a "comma" shaped body and then generates an S­

shaped tube. 

Metanephric 
mesenchym/ 

~-
Ureteric bud 

Arterioles 

(iv) 

Figure 7. Representation of reciprocal induction between metanephric blastema 

and epithelium during kidney development. The tips of the US branches induce 

the condensation of mesenchymal cells into epithelial aggregate (i) ; 

subsequently a "comma" shaped body forms (ii), develops into an S-shaped 

tube (iii), and finally differentiates into the renal tubules and the glomerulus (iv) 

(Modified from Gilbert, 2006). 

The cells of this structure begin to differentiate into specific cell 

types, the proximal and distal tubule cells, and into the glomerulus 
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(Saxem, 1987; Gilbert, 2006). The portion of the nephric duct that 

lies between the ureter and the primitive bladder undergoes 

apoptosis, thus permitting the ureter to starts its incorporation into 

the bladder (Murer et aI., 2007). 

As mentioned previously, the nephron is the functional unit of the 

kidney. It is composed of a glomerulus that is surrounded by the 

Bowman's capsule, and the renal tubules. In turn, the renal 

tubules are formed by the proximal tubules, the loop of Henle, the 

distal tubules and the connecting duct (Fig. 2). The ultrafiltrate is 

converted into urine as it flows through the renal tubule toward the 

collecting duct and the ureter. 

1.1.3 Mechanisms of induction in the metanephrogenic 

mesoderm 

Kidney development is the result of an extremely complex series 

of interactions between the metanephric mesenchyme and the 

ureteric bud, both derived from the intermediate mesoderm 

(Saxem, 1987). The induction of the intermediate mesoderm from 

the embryonic mesoderm is driven by a strong gradient of bone 

morphogenic protein (BMP) and Noggin protein, an extracellular 

antagonist of BMP signalling. In detail, the intermediate mesoderm 

is formed when the BMP gradient predominates; conversely, a 

high gradient of Noggin protein specifies the paraxial mesoderm 

(Vize et al. 2003). 

Among different BMP factors, BMP7 seems to be required for the 

survival of the metanephric mesenchyme in vivo. Loss of Bmp 7 

expression results in impaired nephrogenesis which becomes 

evident by E16.5: null embryos display small kidneys that lack 

condensed mesenchyme and contain many cystic structures 
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(Dudley and Robertson, 1997). Bmp7 is expressed in the 

metanephric mesenchyme when the contacts between the ureteric 

bud and the metanephric mesenchyme are established, and it is 

maintained throughout kidney development (Dudley et aL, 1999). 

Another factor involved in maintaining the metanephric 

mesenchyme survival is fibroblast growth factor 2 (FGF2), which is 

expressed by the UB (Barasch et aI., 1997). It seems to act in 

conjunction with BMP7 to promote cell survival by inhibiting 

apoptosis. FGF2 also promotes the condensation of mesenchymal 

cells, and mediates the transcriptional activation of Wilms' tumour 

suppressor gene-1, Wt1 (Perantoni et aL, 1995; Gilbert, 2006). 

The formation of metanephric mesenchyme is dependent on the 

expression of Wt1. This gene is initially expressed in the 

intermediate mesoderm and then restricted to the metanephric 

mesenchyme, gonads and mesothelium (Brodbeck and Englert, 

2004). The expression of Wt1 is low in non-induced metanephric 

mesenchyme, but it increases after mesenchymal condensation 

and induction (Donovan et aI., 1999). In adult kidney, Wf1 

expression is restricted to podocytes (Dressler, 2006). In mice 

lacking Wt1, the metanephric mesenchyme cells undergo 

apoptosis at E11.0, leading to renal agenesis. However, in Wt1 

null embryos, the expression of other genes crucial for MM 

development, such as Pax2, Six1 and Gdnf, is still detectable 

(Donovan et aL, 1999). 

Once it has formed, the metanephric mesenchyme stimulates the 

outgrowth of the ureteric bud (UB) from the Wolffian duct. The 

TGF-p family member, glial cell-line-derived neurotrophic factor 

(Gdnf), stimulates the ureteric bud outgrowth through the receptor 

tyrosine kinase, Ret, and the GPI-linked cell surface co-receptor, 
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Gfra1 (Takahashi , 2001 ; Arighi et aI. , 2005). Gdnf is only 

expressed in the metanephric mesenchyme, adjacent to the 

caudal portion of the Wolffian duct. On the other hand, both Ret 

and Gfra1 are expressed along the Wolffian duct (Sainio et aI. , 

1997). Following the initial out-pocketing of the US the expression 

of Ret decreases in the Wolffian duct and becomes limited to the 

distal tips of the US branches (Fig . 8). Gfra1 seems to be co­

expressed with Ret. The process of branching morphogenesis of 

the US causes Gdnf expression to be restricted to the peripheral 

undifferentiated mesenchyme cells that surround the branch tips 

(Poteryaev et aI., 1999; Trupp et aI., 1999; Popsueva et aI. , 

2003) . 

Figure 8. Representation of Gdnf (red) and Ret and Gfra1 (blue) expression 

during kidney development. The figure shows that Ret and Gfra1 expression 

become restricted to the ureteric bud tips as the process of branching proceeds. 

Gdnf is expressed within the metanephric mesenchyme and becomes limited to 

the peripheral undifferentiated cells adjacent to the tips of the US branches. 

WD: Wolffian duct; MM: metanephric mesenchyme; US: ureteric bud (Modified 

from Costantini and Shakya, 2006). 
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Lack of Gdnf expression, Ret, or Gfra1 in mutant mice results in 

the absence of ureteric bud outgrowth, ranging from blind ending 

ureters, to tiny and disorganized kidney rudiments, to renal 

agenesis (Costantini and Shakya, 2006). Conversely, local 

application of Gdnf induces the formation of multiple, ectopic 

ureteric buds from different locations of the Wolffian duct 

(Maeshima et aI., 2007). Gdnf expression is induced by several 

transcription factors, such as Pax2, Eya1, Six1, and the Hox11 

paralogous group, and is repressed by Foxc1 and Bmp4. The 

negative regulatory factors seem to be involved in restricting the 

domain of Gdnf expression to the more posterior metanephric 

region: deletion of one of these genes leads to the formation of 

multiple ureteric buds and ectopic ureters, which remain 

connected to the nephric duct instead of the bladder. Gdnf may be 

considered as a target-derived signal which ensures that UB bud 

outgrowth and invasion of the metanephric mesenchyme occurs at 

the correct time and position. Failure in the correct positioning 

results in ectopic UB formation, which leads to urinary reflux, 

obstruction and frequent infections (Bouchard, 2004). 

Within the metanephric mesenchyme, Gdnf represents a direct 

target of the paired-box transcription factor, Pax2. The Pax2 gene 

plays a crucial role for specification of the nephric lineage, as it is 

expressed within the intermediate mesoderm from the 6th somite 

stage (Dressler, 2009). In the metanephros, Pax2 is expressed 

both in the MM and UB tips, where it is required for mesenchymal­

to-epithelial transition (MET) of the nephron precursors. At the 

onset of nephrogenesis Pax2 is expressed in the comma and S­

shaped body and, as the kidney develops, the expression 

becomes restricted to the epithelial cells of the proximal and distal 

tubules (Dressler, 2009). In the adult kidney, Pax2 is mainly 
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expressed in the collecting duct cells (Cai et aI., 2005). The 

competence of the intermediate mesoderm to form the kidney 

depends on the presence of Pax2: in fatc, it has been shown that 

in PaxZI
- mouse embryos, pronephros and mesonephros 

formation occurs normally, whereas the metanephros and genital 

tract never develop (Torres et aI., 1995). Pax2 induces the 

expression of Gdnf through interactions with at least one high­

affinity binding site within the Gdnf promoter. It has been 

demonstrated that PaxZ'- embryos have little to no Gdnf 

expression. In these mutants the metanephric mesenchyme is 

unable to respond to inductive signals in vitro (Brophy et aI., 

2001). These findings agree with those observed by Torres and 

colleagues reported above, in which in null mutant embryos, the 

ureteric buds do not form, thus resulting in renal agenesis (Torres 

et aI., 1995). In humans the loss of one PAX2 allele (PAX2+1-) 

leads to renal hypoplasia, vesicoureteric reflux and optic nerve 

colobomas (Dressler, 2009). Pax2 plays an important role in 

regulating the expression of Ret by binding to its promoter, as 

demonstrated by Clarke and colleagues: Pax2+1
- mice have 

reduced levels of Ret expression at early stages of kidney 

development (Clarke et aI., 2006). This evidence might help to 

understand why many developing tissues are very sensitive to 

Pax2 gene dosage. Pepicelli and colleagues (Pepicelli et aI., 1997) 

have demonstrated that the Gdnf/Ret signalling pathway regulates 

the expression of Ret itself. Thus in these tissues the effect of 

Pax2 gene dosage may be amplified because of its ability to 

regulate both the expression levels of Gdnf and its receptor Ret. 

The odd skipped-related gene Osr1, a homolog of the Drosophila 

odd skipped (Odd), represents the earliest marker expressed in 

the intermediate mesoderm, and in mouse the expression begins 
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at E7.5 (James et aI., 2006, Mugford et aI., 2008). Osr1 plays a 

crucial role in establishing the metanephric mesenchyme and 

regulating the differentiation of kidney precursor cells during 

kidney development. James and colleagues demonstrated that the 

expression of Osr1 is only present in undifferentiated cells within 

the nephric duct, mesonephric mesenchyme and metanephric 

mesenchyme, then it is gradually downregulated in cells that form 

pre-tubular aggregates, comma and S-shaped body. Targeted 

mutagenesis has revealed that Osr1 is required for MM formation, 

as homozygous null embryos examined at E11.5 lacked both US 

and MM condensation. In addition, several genes required for 

normal kidney development, such as Pax2, Eya 1, Six2, Sal/1 and 

Gdnf were not expressed in the absence of Osr1 (James et aI., 

2006). The downregulation of Osr1 seems to be required for the 

differentiation of kidney precursors into epithelial structures, as the 

ectopic expression of Osr1 inhibited tubule formation. These 

results suggested that Osr1 is necessary for the formation and 

maintenance of kidney precursor cells and for their differentiation 

into epithelial structures (James et aI., 2006). A more recent study 

provided evidence that Osr1+ cells are the precursors of a wide 

spectrum of cells of the developing kidney. Using a temporal fate 

mapping strategy, Mugford and collaborators showed that cap 

mesenchyme, epithelial structures of the nephron, ureteric 

epithelium of the collecting duct, interstitial mesenchyme 

progenitors, pericytes, mesangium, vasculature and the kidney 

capsule arise from a common Osr1+ progenitor cell population that 

are present in the embryo between E7.5 and E11.5 (Mugford et 

aI., 2008). Since Osr1 is expressed in the mesoderm before its 

subdivision into intermediate and paraxial mesoderm (Guillaume 

et aI., 2009), it might be possible that different tissues of the 

nephron derive from different locations in the early embryo. Using 

17 



Chapter 1 

a fate mapping technique, Guillaume and colleagues 

demonstrated that in the chick embryo, Osr1+ progenitor cells 

present in the paraxial mesoderm give rise to myofibroblasts, 

vascular smooth muscle, pericytes and mesangial cells of the 

developing kidney. This study strongly suggests that nephron 

epithelia derive from intermediate mesoderm, whereas renal 

stromal cells arise from paraxial mesoderm (Guillaume et aI., 

2009). Altogether these findings provided further evidence for a 

role of Osr1 in establishing the nephron progenitor population 

before the onset of nephrogenesis. 

Another important gene in nephrogenesis is Eya1, a homolog of 

Drosophila eye absent (eya). In mouse, deletion of Eya1 

expression results in renal agenesis (Xu et aI., 1999). In humans 

haploinsufficiency of EYA11eads to Branchio-Oto-Renal syndrome 

characterized by branchial, otic and renal disorders (Kumar et aI., 

1998). In mouse, Eya1 is expressed in the intermediate mesoderm 

at E8.5 next to the presumptive pronephric and mesonephric 

blastema, and becomes gradually restricted to the metanephric 

mesenchyme (Sajithlal et aI., 2005). Some evidence suggests that 

Eya1 might playa critical role in the initial selection of metanephric 

cell fate in the intermediate mesoderm, since in Eya-l- mouse 

embryos the blastema do not form. Therefore, the Eya1 protein 

may be involved in controlling the gene expression program of 

metanephric development. Furthermore, Eya1 positively regulates 

the expression of Gdnf, although this control also requires other 

elements such as Pax2 and members of the Six protein family, 

which in turn appear to be regulated by Eya1 (Sajithlal et aI., 

2005). 
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The Six1 gene is homologous to Drosophila sine oculis (so). In 

mouse Six1 is expressed in the metanephric mesenchyme at 

E10.5, and in the induced mesenchyme at E11.5 around the 

ureteric buds. Furthermore, the expression of Six1 becomes 

restricted to a subpopulation of collecting duct epithelial cells from 

E17.5 to birth (PO) (Xu et aI., 2003). Six1 has an important role 

during early kidney development, since it seems to be required for 

ureteric bud invasion into the metanephric mesenchyme 

(Kobayashi et aI., 2007). Six 1-1- mouse embryos lack kidneys 

because of failure in metanephric induction (Xu et aI., 2003). 

Expression of Six1 gene is required for the expression of other 

genes involved in kidney development, such as Pax2, Sall1 and 

Six2 in the mesenchyme at E10.5-11.5. In addition Six1 

inactivation is required to reduce the expression domains of Bmp?, 

Wi1, and Gdnf within the metanephric mesenchyme. However, 

Six1 does not appear to regulate the expression of Eya1, thus 

suggesting that Eya1 may function upstream of Six1 in the 

regulatory hierarchy. Pax2 expression in the metanephric 

mesenchyme is both Eya1 and Six1 dependent. Therefore, in 

mammals there may be a Eya1-Six1-Pax2 regulatory hierarchy 

that controls early kidney development, as proposed by Xu and 

colleagues (Xu et aI., 2003). 

The Six2 gene has been recognised as a key player of 

metanephros development. While heterozygous mouse embryos 

do not show any apparent abnormality, inactivation of both Six2 

alleles results in ectopic differentiation of the metanephric 

mesenchyme, depletion of progenitor cells within the MM and 

lethality soon after birth. The expression of Six2 is detectable as 

early as E10.0 within the metanephric blastema and it is 

maintained throughout the development of the excretory system 

19 



Chapter 1 

(Self et aI., 2006); in adult, Six2 is not expressed (Humphreys et 

aI., 2008). At the onset of nephrogenesis, Six2 is expressed in the 

cap mesenchyme, a domain of the uninduced MM adjacent to the 

tips of the UB (Self et al. 2006). Kobayashi and colleagues 

demonstrated that Six2+ cells represent a population of self­

renewing renal progenitor cells that give rise to all cell types 

present in the body of the mature nephron (Kobayashi et aI., 

2008). These findings strongly suggest that Six2 is involved in 

maintaining a pool of renal progenitor cells during nephrogenesis. 

It has been shown that the fibroblast growth factor receptors, Fgfr1 

and Fgfr2, play an important role in metanephric mesenchyme 

formation. Deletion of either Fgfr1 or Fgfr2 in mutant mice results 

in normal-appearing kidney. However, ablation of both receptors 

results in renal aplasia, thus suggesting that there is a degree of 

functional redundancy between Fgfr1 and Fgfr2 in kidney 

development (Poladia et aI., 2006). 

The Hox11 paralogous genes have been recognized as important 

regulators of kidney development: they are expressed in the 

metanephric mesenchyme at E10.5 and in the metanephric 

mesenchyme stromal cells at E11.0 (Boyle and de Caestecker, 

2006). The paralogous genes display functional redundancy: 

therefore partial loss-of-function of the paralogous group results in 

hypomorphic phenotypes. For example, in mouse neither Hoxa11 

nor Hoxd11 single mutants display any altered phenotype. 

Conversely, Hoxa11IHoxd11 double mutants show variably 

penetrant kidney hypoplasia: in these animals ureteric bud 

outgrowth occurs normally at E11.5, but by E13.5 kidney 

abnormalities appear (Wellik et aI., 2002). Moreover in 

Hoxa111Hoxc111Hoxd11 triple mutant mouse embryos induction of 
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the metanephric mesenchyme is completely absent: there is no 

ureteric bud outgrowth and neither Gdnf nor Six2 are expressed. 

Conversely, Pax2, Wf1, and Eya1 expression is unperturbed. 

These findings suggest that Hox11 paralogous genes are required 

for the formation of the metanephric mesenchyme (Wellik et aI., 

2002). 

The Sall1 (Sa/-like 1) gene is the mammalian homologue of the 

Drosophila gene sal. In mouse, Sail 1 is expressed in the 

nephrogenic primordium at E10.5, and in the metanephric 

mesenchyme surrounding the ureteric bud at E11.5. Also, at E14.5 

Sall1 is expressed in the comma-shaped body, S-shaped body, 

renal tubule and podocytes. Sall1 plays an important role in kidney 

development: Sall1 knockout mice die within 24 hours following 

birth because of renal agenesis or severe renal dysgenesis. In 

particular, it has been shown that in SaIl1-1- mouse embryos the 

metanephric mesenchyme forms but the ureteric bud fails to 

invade the mesenchyme. This evidence suggests that Sal/1 is 

important for the correct ureteric bud outgrowth and invasion of the 

metanephric mesenchyme (Nishinakamura, 2003). In humans 

heterozygous mutations of SALL 1 lead to Townes-Brocks 

syndrome, an autosomal dominant disease with some different 

features such as kidney and heart abnormalities, dysplastic ears, 

preaxial polydactyly and imperforate anus (Nishinakamura and 

Takasato, 2005). 

The Lhx1 gene plays an important role during kidney 

development. In mouse Lhx1 expression appears in the 

intermediate mesoderm, then in the nephric duct and ureteric bud. 

The expression is also present in some metanephric 

mesenchyme-derived structures such as pretubular aggregates, 
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comma and S-shaped body (Kobayashi et aI., 2005). Lhx1 seems 

to regulate urogenital development, as rare Lhx1 deficient mice, 

delivered stillborn, lack both kidneys and reproductive tract 

structures (Kobayashi et aI., 2005). As mentioned previously, the 

competence of the intermediate mesoderm depends on the correct 

expression of the Pax2 gene. In Lhx1 deficient embryos the 

expression of Pax2 is considerably reduced between E8.5 - E9.5: 

this evidence has suggested that one of the possible roles of Lhx1 

is to control the differentiation of the intermediate mesoderm 

(Tsang et aI., 2000). Pedersen and colleagues investigated the 

role of Lhx1 by using a Pax2-cre conditional Lhx1 knockout 

transgenic mouse line. In this line, Lhx1 gene ablation occurs 

when Pax2 is expressed. This study demonstrated that in the 

absence of Lhx1, mice displayed renal hypoplasia and 

hydronephrosis. Additionally, the nephric duct was impaired, the 

ureteric bud was smaller than normal and the branching process 

was reduced. These results indicate that Lhx1 is required for 

nephric duct extension and ureteric bud outgrowth (Pedersen et 

al.,2005). 

Wnt4, a member of the Wnt gene family, is expressed in 

aggregating mesenchymal cells, and is maintained in the comma­

shaped body before becoming down-regulated in the S-shaped 

body (Stark et aI., 1994). Wnt4 has a critical role in kidney 

development. Wnt4 knockout mice die within 24 hours after birth 

due to small agenic kidneys. In these animals primary 

condensation of mesenchymal cells around the ureteric bud tips 

occurs but the mesenchyme remains undifferentiated, lacking 

pretubular cell aggregates and epithelial tubules. Wnt4 plays a 

crucial role in the epithelial differentiation of the metanephric 

mesenchyme. Kisper and colleagues demonstrated that the 
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isolated mouse metanephric mesenchyme undergoes 

tubulogenesis following co-culture in transfilter culture with a layer 

of NIH3T3 cells expressing Wnt4 (Kispert et aI. , 1998). The 

canonical Wnt pathway and cytosolic ~-catenin act as key players 

in the induction of the metanephric mesenchyme (see section 4.1 

for details) (Kuure et aI., 2007; Park et aI. , 2007; Schmidt-Ott and 

Barasch, 2008). It has been suggested that following activation by 

Wnt9b, a Wnt factor secreted by the UB, Wnt4 triggers 

tubulogenesis in the metanephric mesenchyme by activating the 

canonical Wnt pathway (Park et aI., 2007; Schmidt-Ott and 

Barasch,2008). 

Figure 9 shows a suggested molecular cascade for the induction 

of the metanephric mesenchyme. 

Wnt4 T s., 
SiX2~ 

UB 

Fgf2 Pax2 

Figure 9. Proposed molecular cascade for metanephric mesenchyme induction . 

MM: metanephric mesenchyme; UB: ureteric bud. (Modified from Bouchard et 

al.,2004). 
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1.2 Chronic kidney disease and end-stage renal disease 

Chronic kidney disease (CKD) has been recognised as a major 

public health problem and its incidence is increasing worldwide 

(Zoccali et aI., 2009; James et aI., 2010). CKD has been defined 

as a condition in which structural or functional abnormalities of the 

kidneys last for more than three months. CKD is usually detected 

through the measurement of the glomerular filtration rate (GFR) 

and it is classified into 5 stages of increasing severity (Table 1). 

Table 1. Classification of CKD into 5 stages of increasing severity. Physiological 

GFR: 90-120 mUmin per 1.73 m2 (Source: National Kidney Foundation) 

(Modified from Zoccali et aI., 2009). 

Description 
GFR (mUmin per 

Stage 
1.73 m2

) 

1 
Kidney damage with normal or 

~90 
increased GFR 

2 
Kidney damage with mild 

60-89 
decreased GFR 

3 Moderate decreased GFR 30-59 

4 Severe decreased GFR 15-29 

5 Kidney failure <15 or dialysis 

Conditions such as type 1 and type 2 diabetes mellitus, 

hypertension, glomerulonephritis, atherosclerosis, acute kidney 

injury and hereditably diseases (polycystic kidney disease, for 

instance) are among the most common causes of CKD (Zoccali et 

aI., 2009; James et aI., 2010; Schiffl, 2010). It has also been 

demonstrated that patients with neoplasia and chronic infectious 

diseases, namely hepatitis and HIV, display an increased risk of 

developing CKD, because of the exposure to nephrotoxic drugs, 

such as antiretroviral drugs, protease inhibitor and the anticancer 
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agent cisplatin (Morigi et aL, 2004; Zoccali et aL, 2009; 

Kalyesubula and Perazella, 2010). Although data regarding CKD 

are still very scarce and far from being conclusive, it has been 

reported that 10% of adult Americans develop CKD and it is 

believed that Europe and Australia display a similar prevalence of 

CKD among the adult population. Estimations have revealed that 

the prevalence of stage 3-5 CKD, which represents the stage with 

the highest risk for patients to progress toward renal failure, 

appears to be similar across European countries and more 

frequent in females than males (Zoccali et aL, 2009). There are 

two main clinical problems secondary to chronic kidney disease: 

firstly, CKD might progress to end-stage renal disease (ESRD); 

secondly, patients with CKD present an increased risk to develop 

cardiovascular complications. Besides these clinical aspects, CKD 

has also a huge economical impact on society. The renin­

angiotensin-aldosterone system (RAAS) plays a pivotal role in 

promoting ESRD progression in patients with chronic kidney injury 

by acting through the protein angiotensin II (Ang II) (Aros and 

Remuzzi, 2002). Ang II promotes ESRD progression as it 

increases intraglomerular pressure and stimulates the secretion of 

aldosterone, which induces inflammation and fibrosis (Macconi et 

aL, 2006). Current therapies aimed at preventing ESRD involve 

the use of angiotensin-converting enzyme inhibitors (ACE-Is) and 

Ang II receptor blockers (ARBs) (Macconi et aI., 2006; James et 

aL, 2010). Although these therapies are capable of significantly 

delaying the onset of ESRD, they still present several problems: 

while some patients are unable to respond to ACE-IIARBs 

treatment, others cannot continue the therapy because of 

iatrogenic complications (James et aL, 2010; Murray et aL, 2010). 

It is therefore evident that the failure of these treatments likely 

leads to end-stage renal disease. ESRD is a condition in which 
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kidneys are no longer functional and renal replacement therapies 

are required. ESRD is certainly a worldwide health problem and , 

despite the general improvement of medical treatments, its 

incidence is constantly increasing (Knauf and Aronson, 2009). 

Zoccali and colleagues reported that in Europe, the prevalence of 

renal replacement therapies for ESRD increased from 480 to 807 

patients per million population between 1992 and 2005. This surge 

was in particular due to a catastrophic raise (+130%) in the 

number of patients older than 65 years old with ESRD (Zoccali et 

aI., 2009). The United States present one of the highest incidence 

rate of ESRD in the world, which was estimated in approximately 

400 patients per million population in 2009 (Knauf and Aronson, 

2009). Furthermore, it has also been forecasted that the 

prevalence of ESRD population in the United States will reach 

approximately 800,000 patients by 2020 (Fig . 10) (United States 

Renal Data System, USRDS; http://www.usrds.org). 

800 Prevalent 
- Original projection: 713,531 (2015) 
- New projection: 784,613 (2020) 
- Actual: 506,256 (2006) 

600 

400 

200 

OL---------------------------------------__ _ 
80 84 88 92 96 00 04 08 12 16 20 Year 

Figure 10. PrOjection of prevalence of ESRD using data available through 2000 

(original projection) and data available through 2006 (new prOjection) . Actual : 

2006. Data are expressed in number of patients (in thousands). (Downloaded 

from USRDS, hUp://www.usrds.org). 
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This increment will also be accompanied by an escalation in the 

costs for the overall health care system: it is estimated that the 

actual cost to treat ESRD is approximately $50.000 per patient per 

year, which raises to approximately $100.000 per patient per year 

when co-morbidities are present (Knauf and Aronson, 2009). The 

general improvement in quality of life and medical care, especially 

in developed countries, has resulted in an extension in life 

expectancy. This aspect, along with the growing incidence of 

diabetes, has contributed to the worldwide rise in the prevalence 

of ESRD (James et aI., 2010). At present, dialysis and kidney 

transplantation are the only renal replacement therapies available, 

and although they are able to extend life expectancy, these 

approaches still present several problems. In fact, dialysis cannot 

fully compensate kidney function, and furthermore, it exposes 

patients to an increased risk of infections, and requires dramatic 

lifestyle changes (Kitamura et aI., 2005; http://www.kidney.org.uk). 

Kidney transplantation, on the other hand, certainly represents a 

better option; however, the organ demand still exceeds the 

availability (Knauf and Aronson, 2009). In addition, 

immunosuppressive therapies are required in order to avoid organ 

rejection (Kitamura et aI., 2005). These treatments might expose 

patients to an augmented risk of opportunistic infections, such as 

cytomegalovirus infection (Fortun et aI., 2010); additionally, an 

increased risk of cancer has been associated with 

immunosuppressive therapies (Dantal and Soulillou, 2005) . 

Furthermore, these life-extending technologies still present a very 

high mortality rate: it has been reported that the overall mortality 

rate five years after renal replacement therapies is approximately 

52% of all patients, and that dialysis entails a mortality rate 

approximately five time higher than kidney transplantation (Zoccali 

et aI., 2009). These figures point out that a strategy to replenish 
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damaged kidney tissues to prevent kidney failure in patients with 

renal disease is strongly required. Given that stem cells are able to 

undergo self-renewal and are capable of maintaining organ 

integrity and functionality by differentiating into specialized cells , 

an attractive approach is represented by a stem cell-based 

therapy. In fact, the possibility to differentiate a given stem cell 

population into a particular renal cell type will make these cells a 

potential therapeutic tool for the replacement of damaged kidney 

tissues. 

1.3 Stem cells 

1.3.1 Stem cells in development and homeostasis 

Stem cells are defined as special kinds of cells that have the 

unique capacity of undergoing self-renewal , often throughout the 

lifespan of the organism. Moreover, under certain conditions, stem 

cells are able to differentiate into specialized cells (Fig. 11) 

(Weissman. 2000). 
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Figure 11. Representation of stem cell self-renewal and differentiation into 

different specialized cell types (Modified form Kirschstein and Skirboll, 2001). 

The differentiation potential of stem cells is defined by the potency. 

Given that the zygote is the only totipotent cells, as they give rise 

to extra-embryonic tissues as well as all cells present in the adult 

body, stem cells are usually classified as pluripotent, multipotent 

and unipotent. 

There are two principal categories of stem cells: the embryonic 

stem (ES) cells and the adult, or somatic, stem cells. ES cells are 

derived from the inner cell mass of the blastocyst and were 

isolated for the first time in 1981 by two independent research 

groups (Evans and Kaufman, 1981; Martin, 1981). ES cells are 

considered pluripotent stem cells because they are capable of 

giving rise to all derivatives of the three embryonic germ layers: 

the endoderm the mesoderm and the ectoderm. 

Adult stem cells are undifferentiated cells found in many different 

sources, such as blood, bone marrow, brain, fat, mammary gland, 

salivary gland, liver, dental pulp, respiratory system, hair follicle, 

retina, olfactory mucosa, umbilical cord blood, and kidney. Their 

function is to replenish dying cells and regenerate damaged 

tissues. In spite of this wide range of sources, adult stem cells are 

not widely distributed in their tissues of origin; instead they reside 

in specialized regions called niches (Moore and Lemishka, 2006). 

The differentiative potential of adult stem cells is more restricted 

than the potential of ES cells, and they are thus considered as 

multipotent or unipotent. On the other hand, under certain 

conditions, tissue-specific adult stem cells display plasticity, as 
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they seem to be able to generate specialized cells that derive from 

other germ layers (Galli et aI., 2003). Plasticity seems to be 

accomplished by a mechanism of transdifferentiation, by which 

tissue-specific stem cells of one lineage can convert into stem 

cells of an entirely distinct lineage. However, due to a poor 

experimental reproducibility, the hypothesis that adult stem cells 

are able to transdifferentiate by activating a dormant differentiation 

program to generate cells of distinct lineages has been highly 

controversial (Wagers and Weissman, 2004). In the attempt to 

explain the apparent plasticity of adult stem cells, at least three 

distinct mechanisms might be taken into account. First, plasticity 

might be the result of a mechanism of de-differentiation of a given 

multipotent stem cell into a pluripotent stem cell, followed by re­

differentiation into a cell type of a different lineage. In addition, it 

has been proposed that there might be rare adult pluripotent stem 

cells among many adult multipotent stem cells which might be 

accountable for the generation of cells of distinct lineages. 

Furthermore, contributions to plasticity might also arise through a 

mechanism of cell-cell fusion between differentiated cells, a 

process that occurs normally in adult animals (Wagers and 

Weissman, 2004). A more recent study has indeed criticised 

transdifferentiation of adult stem cells. Using an in vitro culture 

system, Rose and colleagues demonstrated that following co­

culture with embryonic cardiomyocytes, bone marrow-derived 

mesenchymal stem cells (MSC) were able to express cardiac­

specific genes, however they did not generate either action 

potentials or ionic currents, thus indicating that these 

cardiomyocyte-like cells were not functional (Rose et aI., 2008). 

The origin of adult stem cells has been under intense debate. In a 

recent review, it has been suggested that the multipotent adult 
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stem cells may represent a remnant of pluripotent progenitor cells 

left over during embryo development. The neural crest seems to 

give rise to some adult multipotent stem cells, as in the embryo it 

contains many stem cells before migration. As they migrate during 

embryo development, the number and degree of multipotency of 

neural crest cells decrease due to exposure of different factors. 

Cell tracking studies have suggested that skin-derived precursors 

(SKP) and bone marrow-derived MSC seem to display a neural 

crest origin (Slack, 2008). According to this view, tissue-specific 

stem cells present in the postnatal organism may be derived from 

the embryonic rudiment through a series of hierarchical processes 

controlled by specific inducing factors (Slack, 2008). 

1.3.2 Stem cells for the treatment of acute renal failure 

Acute renal failure (ARF) represents one of the causes of chronic 

kidney disease (Schiffl, 2010). ARF is a condition characterized by 

an abrupt decline in kidney function due to an extensive damage 

of kidney tubules, and normally it is marked by a rise in both blood 

urea nitrogen (BUN) and serum creatinine levels. Conditions such 

as ischemic insults, sepsis, hypovolemic states, glomerulonephritis 

and nephrotoxic agents are the most common causes of ARF 

(Humphreys et aI., 2008; Mr Simon Kenny, personal 

communication). The kidney has the striking capability to undergo 

regeneration following ARF. Humphreys and colleagues provided 

strong evidence that the regenerative process seems to be 

accomplished by intrinsic, and presumably undamaged, epithelial 

tubular cells: following injury these cells are capable of undergoing 

rapid proliferation with the purpose of replenishing damaged 

kidney tissues (Humphreys et aI., 2008). Despite this remarkable 

ability, in some circumstances the kidney is unable to accomplish 
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a complete recovery; therefore ARF might lead to chronic kidney 

injury which, in turn, might progress to end-stage renal disease. 

ARF has been widely studied in different mouse and rat injury 

models and can be induced by ischemia-reperfusion, 

intramuscular injection of glycerol, subcutaneous injection of 

cisplatin and intravenous injection of adriamycin (see section 7.1). 

The folic acid (FA) model of induced nephropathy might be used to 

study the progression of acute kidney failure toward chronic injury. 

FA is an essential nutrient in humans (Fang et aI., 2005). In 

rodents, intraperitoneal administration of high dose of FA leads to 

the rapid accumulation of FA crystals within renal tubules, which 

causes acute tubular necrosis. Although renal tubules can 

regenerate within a few days following FA injection, it has been 

demonstrated that a systemic administration of FA leads to chronic 

kidney injury, characterized by patchy interstitial fibrosis, tubular 

atrophy and loss of peritubular capillaries (Long et aI., 2008). 

The feasibility to control the differentiation process of stem cells 

toward a specific cell lineage represents an extremely important 

goal in regenerative medicine. This will create a potential 

opportunity to treat chronic kidney disease by using stem cell­

based strategies, instead of renal replacement therapies such as 

dialysis or kidney transplantation. In this section the 

characterization and use of renal and non-renal stem/progenitor 

cells in different ARF-induced animal models will be described. 

1.3.2.1 Stem cells from rodent kidney 

Several studies have already suggested the presence of 

stem/progenitor cells in both rodent and human kidney. One 

strategy to isolate stem/progenitor cells from adult kidney has 
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involved a pulse of 5-bromo2-deoxyuridine (BrdU), followed by a 

long chase period. Oliver and colleagues demonstrated that a 

population of slow cycling label-retaining cells, detected by BrdU 

incorporation, resided in the interstitium of the rat and mouse renal 

papilla. Following isolation and in vitro culture, papillary cells 

showed a pluripotent phenotype as they expressed different 

epithelial, mesenchymal and neuronal proteins, and were able to 

give rise to spheres, a characteristic which is common to different 

types of adult stem cells. In addition, when injected into the sub­

capsular space of rat kidney subjected to ischemia-reperfusion 

injury, a fraction of in vitro cultured papillary cells could spread into 

the renal parenchyma and integrate into renal tubules and the 

interstitium (Oliver et aI., 2004). More recently, by using a 

transgenic approach this research group was able to demonstrate 

that under normal conditions, a fraction of the papillary slow 

cycling label-retaining cells migrate to and proliferate in the upper 

papilla to provide a supply of cells for kidney homeostasis. 

Notably, the number of proliferating papillary cells decreased as 

the animals aged. Both migration and proliferation were strongly 

increased during acute renal failure induced by ischemia­

reperfusion injury. Remarkably, a fraction of the prOliferating cells 

were able to migrate deep in the kidney parenchyma, where they 

integrated into damaged tubules (Oliver et aI., 2009). These 

findings suggest that rat and mouse papilla contains a population 

of renal progenitor cells which might be able to replenish damaged 

tissues following kidney injury. 

In contrast to these results, Maeshima and colleagues isolated a 

population of slowly dividing cells from adult rat kidney proximal 

and distal tubules. These cells, called label-retaining tubular cells 

(LRTC), expressed epithelial markers, were capable of 
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proliferating in response to certain growth factors and were able to 

form tubule-like structures when cultured in collagen gels. 

Furthermore, following ex vivo transplantation into E15 rat 

metanephros, the majority of LRTC localized in the interstitium, 

however some cells could integrate into developing proximal 

tubules and ureteric bud (Maeshima et aI., 2006). In this study 

LRTC integration into developing glomeruli was not investigated. 

The discrepancy between this work and the Oliver studies 

published in 2004 and 2009 may be due to the different age of rats 

used: in the former work the cells were found in 7-week old rat 

kidneys (adult), while in the latter the cells were detected in 

neonatal rats, when nephrogenesis was still ongoing. Thus, the 

different localization of label-retaining cells may be different at 

each stage of kidney development. 

A population of renal progenitor-like cells was isolated from the S3 

segment of the rat kidney proximal tubules. In this study, Kitamura 

and colleagues demonstrated that these cells could be expanded 

in culture indefinitely, expressed stem/progenitor cell markers such 

as Sca-1, c-kit and Musashi1; metanephric mesenchyme-specific 

markers, such as Pax2, Wt1, Gdnf and Wnt4; and the tubular 

epithelial markers Aquaporin1 and Aquaporin2. This phenotype 

was maintained when the cells were cultured in the presence of 

mouse mesenchymal cell supernatant (MCS). When injected 

under the renal capsule in a rat model of ischemia-reperfusion 

injury, S3-derived cells could engraft into renal tubules of the 

cortico-medullary region (Kitamura et aI., 2005). Although the data 

presented in this study suggest that the S3 segment might contain 

a population of renal progenitor-like cells, several questions about 

these cells still remain unanswered. Firstly, although Kitamura and 

colleagues claimed that S3-derived cells acquired a more 
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differentiated phenotype following MCS withdrawal, the published 

data is not convincing. Secondly, following cell inoculation into 

damaged rat kidney, renal function might not have improved, as 

the level of neither blood urea nitrogen and serum creatinine 

changed. 

Dekel and co-workers used a strategy to isolate stem cells based 

on the selection of a specific stem/progenitor cell marker. Using 

this approach, a population of non-tubular Sca-1 + Lin- cells, most 

likely of papillary origin, was isolated from adult mouse kidney 

(Oekel et aI., 2006). Sca-1+ Lin- cells showed a stem cell 

phenotype, as they were clonogenic and capable of differentiating 

into osteogenic, adipogenic and neural lineages. Microarray 

analysis confirmed that Sca-1+ Lin- cells expressed several genes 

normally found in different population of stem cells and many 

genes expressed during the development of the mesoderm 

lineage. The renoprotective effect of Sca-1+ Lin- cells was 

assessed in a mouse model of acute renal failure, which was 

induced by ischemia-reperfusion injury. Using this model, Oekel 

and collaborators demonstrated that Sca-1+ Lin- cells, when 

inoculated into the renal parenchyma through the renal pelvis 

immediately after the induction of renal damage, were able to 

engraft mainly into damaged tubules and, to a lesser extent, into 

glomeruli. These authors also noticed that Sca-1+ Lin- cells 

populated mainly the tubules that were confined to the site of cell 

inoculation, thus suggesting a reduced capability of the cells to 

spread over the injured organ. In this study, the improvement of 

the renal function following cell inoculation was not investigated 

(Oekel et aI., 2006). 
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A similar approach to identify stem/progenitor cells, mainly of bone 

marrow origin, has been based on the purification of side 

population (SP) cells from adult organs. SP cells are identified by 

the low Hoechst nuclear signal, which is due to the capability of 

the cells to rapidly exclude the dye from the nucleus. Using this 

strategy, Challen and colleagues reported that both adult and 

E15.5 embryonic mouse kidney contained a pool of SP cells which 

displayed a progenitor phenotype. Embryonic and adult SP cells 

accounted for 0.10% and 0.14% of the total viable cell population 

of the kidney, respectively. In situ hybridization performed on adult 

kidneys revealed that the possible niche of the SP cells were the 

proximal tubules. Expression profile analyses revealed that both 

adult and embryonic SP cells expressed several stem/progenitor 

cell markers, such as the genes PaxB, CD44 and CD105; and the 

proteins Sca-1 and CD24. However, the study showed that 

approximately 9% of the cells of the SP was formed by 

macrophages, thus indicating that the SP represents a 

heterogeneous population of cells. SP cells were able to 

differentiate into non-renal cell types, such as osteocytes and 

adipocytes. When injected into E12.5 mouse kidney rudiments, 

adult SP integrated into Wt1-positive MM-derived structures and, 

to a lesser extent, into calbindin-positive UB-derived structures. 

The ability of SP cells to contribute to kidney recovery was 

investigated in a mouse model of adriamycin-induced 

nephropathy. Intravenous injection of adriamycin induces a rapid 

glomerular injury which causes loss of podocytes, severe 

proteinuria, accumulation of tubular casts and progressive renal 

failure. SP cells were injected into the tail vein and into the renal 

parenchyma shortly after adriamycin injection. Despite the 

suggested tubular origin of SP cells, Challen and colleagues 

showed that only a few cells could integrate into tubules, as the 
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vast majority of them remained in the interstitium around the site of 

cell inoculation. (Challen et aI., 2006). Since renal function did not 

improve following cell inoculation, these cells might not be able to 

exert a renoprotective effect. 

A multipotent renal progenitor cell (MRPC) population was isolated 

from the adult rat kidney, following disaggregation of the whole 

organ into single cells. MRPC, characterized by Gupta and 

collaborators (Gupta et aI., 2006), were karyotypically stable for 

more than 200 population doublings and were able to undergo 

virtually unlimited self-renewal. These authors demonstrated that 

MRPC resided mainly in the proximal tubules at the cortical 

medullary junction. Similar to other progenitor cell types already 

discussed, MRPC expressed the embryonic markers Pax2 and 

vimentin, the pluripotent marker Oet4 and the progenitor cell 

markers C090 and C044. MRPC displayed a wide spectrum of 

multipotency, as they were able to express endothelial, neural and 

hepatocytic markers when cultured under differentiating culture 

conditions. In addition, MRPC differentiated into a nephron-like 

epithelium following incubation with a nephrogenic cocktail, which 

consisted of FGF2, TGF-~ and leukemia inhibitory factor (LlF). 

The ability of MRPC to differentiate in vivo was confirmed by 

inoculating the cells under the renal capsule of healthy rat: several 

MRPC could incorporate into renal tubules; however, some cells 

formed cyst-like structures at the site of injection. Furthermore, 

similar to the observation of Oliver and colleagues (Oliver et aI., 

2004), when inoculated in a rat model of ischemia-reperfusion 

injury, some cells could incorporate into damaged tubules. 

However, it was also noticed that several MRPC became lodged in 

glomeruli and formed cellular casts. Amelioration of the renal 
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function following cell inoculation was not observed (Gupta et aI., 

2006). 

During kidney injury, the tubular compartment is greatly exposed 

to toxic substances capable of severely damaging tubular cells. It 

is therefore possible that the renal interstitium might serve as a 

better niche for stem cells than renal tubules, as it might constitute 

a more protected environment. This hypothesis has been 

investigated by Lee and colleagues who showed that a population 

of mouse kidney progenitor cells (MKPC) resided in the 

interstitium of the medulla and papilla. MKPC were isolated using 

a transgenic strategy in which the last part of the sequence of 

Myh9, a gene expressed in all interstitial cells and encoding 

myosin heavy chain IIA, was exchanged with the sequence for 

GFP. MKPC were capable of undergoing extensive self-renewal, 

were karyotypically stable and expressed several stem cell and 

renal progenitor cell markers, such as the genes Wt1 and Wnt4 

and the proteins Pax2, Oct4, vimentin, a-SMA and CD29. MKPC 

were able to differentiate into non-renal cell types, such as 

osteocytes and endothelial cells, however they were not capable 

of differentiating into the adipogenic lineage. These authors 

investigated whether MKPC were involved in kidney repair by 

injecting the cells into the renal parenchyma of a mouse model of 

ARF induced by ischemia-reperfusion, immediately after the 

induction of the renal damage. Lee and colleagues showed that 

MKPC were able to incorporate into renal tubules and generate 

capillaries containing red blood cells, thus demonstrating that the 

cells were also capable of connecting with the host mouse 

vasculature. MKPC could ameliorate renal function, as 

demonstrated by a reduction in the levels of both blood urea 

nitrogen (BUN) and serum creatinine. In addition, MKPC were able 
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to improve renal morphology, reduce the infarct zone of injured 

kidneys and decrease mortality of ARF-induced mice (Lee et aI., 

2010). These findings suggest that MKPC represent a multipotent 

population of renal progenitor cells which might contribute to renal 

repair after ARF. 

Previously in the Murray's laboratory, a population of kidney­

derived stem cells (KSC), most likely of papillary origin, had been 

isolated from 2-6 day old mouse kidney, following enzymatic 

digestion and disaggregation of the organ into single cells. KSC 

were c1onogenic, could be extensively expanded in culture and 

expressed the transcription factors Wt1 and Pax2. One of the 

clonal lines established from the bulk population, named clone H6, 

showed a limitless proliferative capacity and was able to 

spontaneously generate renal-like cell types in culture, as they 

displayed a tubular-like and podocyte-Iike morphology. Although 

the H6 clonal line maintained the expression of Wt1, these cells no 

longer expressed Pax2 (Fuente Mora, 2009). 

1.3.2.2 Stem cells from human kidney 

A population of resident progenitor cells has been found in human 

adult kidney. These cells, expressing the stem cell marker 

CD133+, were present in the interstitium of the renal cortex, but 

not in the glomerulus. CD133+ cells expressed several markers of 

progenitor cells, such as PAX2, CD29, CD44 and CD73, thus 

suggesting that these cells displayed a progenitor cell-like 

phenotype. However, CD133+ renal progenitor cells displayed a 

limited self-renewal ability, as the cells lost the expression of 

CD133 when expanded in culture for more than 9 passages. Cell 

clones were capable of differentiating in vitro into epithelial and 

endothelial cells; they were also able to spontaneously 
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differentiate in vivo into epithelial tubular structures when 

subcutaneously injected in matrigel in severe combined 

immunodeficiency (SCID) mice. However, CD133+ renal 

progenitor cells failed to differentiate into osteocytes and 

adipocytes. When subcutaneously injected into matrigel in SCID 

mice, in vitro endothelial-differentiated CD133+ cells were able to 

organize into functional vessels connected with the host 

vasculature. The renoprotective ability of CD133+ renal progenitor 

cells was investigated in a SCID mouse model of glycerol-induced 

ARF. When intravenously injected at the peak of renal injury, 

which occurred 3 days after the induction of renal damage, these 

cells could engraft into both proximal and distal tubules, but rarely 

into glomeruli. Moreover, a fraction of the eng rafted CD133+ cells 

was able to undergo proliferation (Bussolati et aI., 2005). Since the 

renal functionality was not assessed, the capability of CD133+ 

cells to exert a renoprotective effect still has to be determined. 

Although Bussolati and colleagues did not detect CD133+ cells in 

the glomeruli, using a more sensitive assay Sagrinati and 

colleagues demonstrated that in the adult human kidney a subset 

of parietal epithelial cells, resident at the urinary pole of the 

Bowman's capsule, express the stem cell markers CD24 and 

CD133. Once isolated, these cells exhibited a high clonogenic 

efficiency and extensive self-renewal capacity. CD24+ CD133+ 

cells displayed an undifferentiated phenotype, as the cells 

expressed the stem cell genes Oct4 and Bml-1, whereas they did 

not express markers of differentiated renal cells. CD24+ CD133+ 

cells were also able to differentiate into cells expressing markers 

of proximal and distal tubules, as well as into non-renal-like cell 

types, such as osteocytes, adipocytes and neuronal-like cells. 

Interestingly, neuronal-like cells appeared to be functional, as they 

displayed ionic currents in vitro (Sagrinati et aI., 2006). More 
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recently, Ronconi and co-workers demonstrated that CD24+ 

CD133+ renal progenitor cells consisted of a heterogeneous 

population hierarchically distributed within the Bowman's capsule 

of adult human kidney (Fig. 12). Cells expressing CD24 and 

CD133, but not podocyte markers, were located at the urinary pole 

of the Bowman's capsule and could act as bi-potent progenitors as 

they were able to differentiate into both podocytes and tubular 

cells. A second population of CD24+ CD133+ renal progenitor cells 

positive for podocyte markers were found between the urinary pole 

and vascular pole of the Bowman's capsule. These cells showed a 

more restricted differentiation ability compared with the cell 

population present at the urinary pole since they could only 

generate podocytes, and not tubular cells. 

proximal __ ~ 
tubular cells 

Differentiated cells 
(CD24 - CD133 - POX +) 

Val.cul,lr stalk 

Figure 12. Schematic representation of the Bowman's capsule. The figure 

shows the hierarchical distribution of CD24+ CD133+ renal progenitor cells 

within the Bowman's capsule of the adult human kidney (Modified from 

Romagnani, 2009). 
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Finally, a third population present at the vascular pole of the 

Bowman's capsule showed characteristics of terminally 

differentiated cells: these cells expressed podocyte markers, 

however they did not express either CD24 or CD133 and failed to 

generate both podocytes and tubular cells. The renoprotective 

effect of CD24+ CD133+ cells was investigated by inoculating the 

cells into a SCID mouse model of adriamycin-induced 

nephropathy 1, 4, 9, 18 and 25 days after the induction of renal 

damage. Following multiple inoculation, only CD24+ CD133+ cells 

resident at the urinary pole eng rafted into both glomeruli and renal 

tubules, and were capable of ameliorating renal function. 

Conversely, CD24+ CD133+ cells resident between the urinary and 

vascular pole hardly engrafted into injured kidney and were unable 

to participate in kidney recovery. Interestingly, the renoprotective 

effect of CD24+ CD133+ cells was not observed when the cells 

were inoculated 3 days after the induction of kidney injury 

(Ronconi et aI., 2009, Prof. Paola Romagnani, University of 

Firenze, personal communication). Overall, these findings suggest 

that CD24+ CD133+ renal progenitor cells resident at the urinary 

pole represent a population of bi-potent renal progenitor cells 

which seems to be able to exert a renoprotective effect following 

kidney injury. 

1.3.2.3 Stem cells from fetal kidney 

It has been suggested that stem/progenitor cells isolated from fetal 

kidney might be used to prevent end-stage renal disease. Fetal 

kidney precursor cells were obtained from E17.5 rat metanephroi, 

that were enzymatically digested and disaggregated into single 

cells. Once isolated, a fraction of these cells expressed many stem 

cell markers, such as Oct4, SSEA-1, c-kit, CD34, CD90 and 

CD133, thus confirming that the developing metanephros contains 
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renal progenitor cells (Oliver et aI., 2002). The therapeutic effect of 

fetal kidney progenitor cells was investigated in a rat model of 

surgically-induced renal failure, which was obtained by removing 

S/6 of the total kidney mass (S/6 nephrectomy). Due to 

nephrectomy, animals developed kidney failure, characterized by 

severe proteinuria, glomerular hypertrophy and reduced 

glomerular filtration rate. Fetal kidney precursor cells were 

transplanted under the kidney capsule of the remaining tissue, five 

weeks after 516 nephrectomy. Six and ten weeks after 

transplantation, many renal tubules and glomeruli formed within 

the reconstituted region (Kim et aI., 2007). These authors showed 

that many fetal kidney precursor cells were able to integrate into 

these renal structures. Furthermore, the cells were able to 

ameliorate kidney function, reduce mortality and induced a very 

limited immune response. Conversely, the transplantation of adult 

kidney cells, isolated from 8-week old rats following the same 

strategy used to isolate the fetal cells, failed to generate renal 

tissues and could not improve renal function (Kim et aI., 2007). In 

a subsequent study, these authors showed that the reconstitution 

of the kidney appeared to be strongly dependent by the 

gestational age of the fetal kidney precursor cells. When E17.S 

cells were transplanted into the omentum of immunocompromised 

mice, they were able to generate developing glomeruli and renal 

tubules, whereas E20.S cells formed very few renal structures. 

Conversely, E14.S cells generated glomeruli and renal tubules, 

however they also differentiated into non-renal tissues, such as 

cartilage and bone. The formation of non-renal tissues was also 

observed when E14.5 cells were transplanted under the renal 

capsule of immunocompromised mice. Besides, the cells were 

able to generated immature tubules and glomeruli. Compared to 

omental transplantation, subcapsular transplantation of E17.S cells 
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resulted in the formation of more mature glomeruli and tubular 

structures compared with E14.5 cells; importantly, non-renal 

tissues did not form. When E20.5 cells were transplanted, only few 

glomeruli and tubular structures could be observed (Kim et aI., 

2007). These findings suggest that the transplantation of fetal 

kidney precursor cells appears to ameliorate renal morphology 

and function following kidney injury. However, the gestational age 

of the cells seems to be critical for the correct reconstitution of 

kidney tissues. 

As already described in section 1.3.2.2, the human kidney 

contains a population of CD24+ CD133+ renal progenitor cells 

(Sagrinati et aI., 2006) Lazzeri and collaborators demonstrated 

that CD24+ CD133+ cells appear in the embryonic human kidney 

at 8.5-9 weeks of gestation and become progressively restricted to 

the urinary pole of the Bowman's capsule during nephron 

development. The cells displayed a progenitor cell phenotype 

similar with that of their adult counterparts, as they showed 

clonogenic, self-renewal and multi-differentiation capacity. The 

ability of CD24+ CD133+ REC to contribute to renal repair was 

investigated in a SCID mouse model of ARF induced by glycerol 

injection. When inoculated intravenously 3 and 4 days after 

glycerol injection, the cells were able to engraft into renal tubules 

and differentiate into proximal and distal tubular cells, and 

collecting duct cells. Very few cells seemed to be able to 

differentiate into renal endothelial cells. Following CD24+ CD133+ 

REC engraftment, renal morphology recovered and renal function 

displayed an improvement 11 days after the induction of renal 

damage. Furthermore, when ARF-induced SCID mice were 

inoculated with the cells a few hours after the induction of renal 

damage, they displayed a reduced severity of the degree of renal 
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failure compared with saline-injected mice, thereby suggesting that 

CD24+ CD133+ REC might be able to prevent severe ARF. Finally, 

CD24+ CD133+ REC did not show any tumorigenic potential 

(Lazzeri et aI., 2007). These results suggest that CD24+ CD133+ 

REC might constitute a population of progenitor cells with the 

ability to prevent and reduce ARF. 

Romio and colleagues generated a human metanephric cell line 

from 10-12 week-old fetal metanephroi that displayed a 

mesenchymal morphology and was able to express the renal­

specific markers WT1, PAX2 and GDNF for more than 20 

passages (Romio et aI., 2003). In a subsequent study it was 

shown that metanephroi-derived cells, cultured in serum-free 

medium, expressed LlF and its receptors LlFR and gp130, 

however they lost the expression of PAX2 (Price et aI., 2007). 

1.3.2.4 Mesenchymal stem cells 

The role of mouse bone marrow-derived mesenchymal stem cells 

(MSC) in renal recovery was investigated by Morigi and 

collaborators in a mouse model of acute renal failure, induced by 

subcutaneous injection of cisplatin (Morigi et aI., 2004). This group 

showed that when mice were inoculated with MSC one day after 

the induction of damage, the cells were able to engraft into 

damaged kidney tubules, differentiate into tubular epithelial cells, 

stimulate tubular proliferation and ameliorate renal functions. 

Similar results were also obtained when a population of MSC 

immunodepleted of CD45+ cells, a marker which identifies 

hemopoietic precursors, was injected in the same mouse model of 

ARF. Conversely, the injection of bone marrow-derived 

hemopoietic stem cells (HSC) did not improve renal recovery 

(Morigi et aI., 2004). Similarly, using a mouse model of glycerol-
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induced ARF, Herrera and colleagues provided further evidence 

for a role of mouse MSC in kidney recovery following acute tubular 

injury (Herrera et aI., 2004). More recently, it was demonstrated 

that the infusion of human umbilical cord-derived MSC into 

cisplatin-induced ARF SCID mice could ameliorate renal function 

and greatly reduce mortality, thereby suggesting that the use of 

these cells might be of great clinical relevance for the treatment of 

acute renal failure (Morigi et aI., 2010). Interestingly, Fang and 

colleagues suggested that the contribution of bone marrow­

derived cells to tubular repair following acute injury might be very 

limited. These authors transplanted the whole bone marrow in a 

lethally irradiated mouse model of folic acid-induced ARF and 

demonstrated that renal tubular regeneration was largely 

accomplished by indigenous tubular cells, whereas the 

transplanted cells played a very marginal role in this process 

(Fang et aI., 2005). The differences between this study and the 

aforementioned investigations might be due to the use of different 

cell types, as well as to the use of distinct animal models of kidney 

injury. 

The contribution of mouse MSC to renal recovery following ARF 

was investigated using an in vitro model of acute renal injury, 

which consisted of cisplatin-treated mouse kidney proximal tubular 

cells co-cultured with mouse MSC. In this study it was 

documented that IGF-1, released by MSC, induced a protective 

effect on proximal tubular cells by stimulating tubular cell 

proliferation. These results were also confirmed in vivo in a mouse 

model of ARF, induced by cisplatin injection: while MSC could 

ameliorate both renal function and morphology, IGF-1 gene­

silenced MSC showed a more limited protective effect on tubular 
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injury. Gene silencing did not affect the ability of the cells to 

engraft into injured kidney (Imberti et aI., 2007). 

Herrera and collaborators suggested that hyaluronic acid (HA) and 

its receptor CD44 might play an important role in the homing of 

MSC into injured kidney. HA is virtually absent in healthy kidney, 

but it is abundant in tubular basement membrane following acute 

tubular injury. Bone marrow-derived MSC isolated from CD44-1-

mice were unable to engraft into glycerol-induced ARF mouse 

kidneys; conversely, MSC expressing CD44 could integrate into 

proximal tubules. Cell engraftment was also blocked when CD44 + 

MSC were incubated with and anti-CD44 blocking antibody, or 

with soluble HA before inoculation into ARF-induced mice. In 

addition, only MSC CD44+, but not MSC CD44-, were able to 

ameliorate renal function and improve renal morphology. These 

authors also showed that a fraction of cells recovered from the 

inoculated kidneys expressed epithelial differentiation makers 

(Herrera et aI., 2007). These findings provided evidence for a role 

of CD44/HA interactions in the recruitment of MSC to injured 

kidney tissues. 

It has been suggested that the renoprotective effect of MSC might 

be related to the secretion of protective factors in a paracrine 

manner, rather than being a consequence of cell engraftment and 

differentiation into renal tubular cells. Togel and colleagues 

noticed that the injection of MSC into a rat model of ischemia­

reperfusion ARF could improve kidney function, even though cell 

engraftment into the injured kidney was a very rare event. MSC 

were found mainly inside glomerular capillaries; in addition, these 

authors also observed that some MSC were entrapped in capillary 

beds of most organs. Measurement of gene expression levels in 
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ARF-induced kidneys revealed that MSC infusion could stimulate 

the expression of the anti-inflammatory cytokine IL-10 and inhibit 

the expression of the pro-inflammatory cytokines IL-1~, TNF-a and 

INF-y (Togel et aI., 2005). Although these results could not be fully 

confirmed by a semi-quantitative protein level assay, they hinted 

that in rat the renoprotective effect might be mediated through 

immunomodulatory mechanisms, rather than cell engraftment. In a 

subsequent study, these authors documented that MSC released 

several renoprotective factors, such as VEGF, HGF and IGF-1 that 

reduced apoptosis in endothelial cells and stimulated cell 

proliferation (Togel et aI., 2007). Altogether, these findings suggest 

that MSC might mediate a renoprotective effect on injured kidney 

also through paracrine mechanisms. 

More recently, an adult woman with lupus nephritis, an 

inflammation of the kidney caused by a disease of the immune 

system, and end-stage renal disease was treated with autologous 

CD34+ hemopoietic stem cells. For reasons that were not quite 

clear, in this case, the cells were injected directly into the renal 

parenchyma of both kidneys, instead of being peripherally infused 

(Nagy and Quaggin, 2010). Following cell injection, the patient's 

renal failure did not improve and within three months dialysis was 

required. Furthermore, one kidney developed blood vessels and 

bone marrow masses at the site of injection, which necessitated 

nephrectomy. The remaining kidney failed and the patient 

ultimately died (Thirabanjasak et aI., 2010). This case unveils 

possible and dramatic complications of stem cell-based renal 

replacement therapies performed with little or no scientific 

rationale and without investigations carried out in animal models. 
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1.3.2.5 Human amniotic fluid stem cells 

The use of human amniotic fluid stem cells (hAFSC) in renal 

replacement therapies has recently received great interest. hAFSC 

can be easily isolated through amniocentesis and propagated in 

vitro for more than 250 population doublings without showing 

obvious chromosomal rearrangements. These cells express 

several stem cell markers, such as Oct4, SSEA-4, c-kit, CD29, 

CD44, CD73, CD90 and CD105, and were able to differentiate into 

a broad spectrum of lineages, such as osteogenic, endothelial, 

myogenic, adipogenic, hepatic and neural lineages (De Coppi et 

aI., 2007). The renal protective effect of hAFSC was investigated 

by Perin and colleagues in immunodeficient mice (nulnu mice) 

with ARF induced by intramuscular injection of glycerol. These 

authors documented that following injection into the renal cortex, 

hAFSC could engraft mostly into damaged tubules and started 

expressing markers specific of the renal lineage. Moreover, 

hAFSC reduced the levels of both BUN and creatinine, preserved 

renal morphology, decreased tubular cell apoptosis and stimulated 

tubular epithelial cells to undergo proliferation. Furthermore, 

hAFSC appeared to be able to produce cytokines that could 

modulate the response of the host immune system to ARF. 

However, these findings should be considered with circumspection 

because the mouse model used in this study was partially 

immunocompromised, as it lacked activated T lymphocytes, but 

not their precursors. Therefore, the response of the immune 

system observed in this animal model might differ from the one of 

an immunocompetent animal model. In addition, Perin and 

colleagues suggested that the timing of cell inoculation was 

critical: the renoprotective effect of hAFSC was only observed 

when the cells were injected contemporaneously with the time of 

injury, whereas no beneficial effects were achieved when hAFSC 
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were inoculated at the peak of renal injury, 3 days after glycerol 

treatment (Perin et aI., 2010). Although this study demonstrated 

that hAFSC could engraft into the kidney, some questions of 

whether the cells could also engraft into other organs still remain 

open. The data hinted that following injection into the renal cortex, 

the cells, transduced with luciferase, spread all over the body of 

the animal within a few hours, then became localized in the area of 

the kidney. After 21 days, luciferase signal was still visible around 

the kidneys, however a rather strong signal could also be detected 

in the head, which might raise the possibility that hAFSC could 

also engraft into the brain and differentiate into ectopic tissues. 

Hauser and colleagues compared the renoprotective effect of 

hAFSC with that of human bone marrow-derived mesenchymal 

stem cells (MSC) in a SCID mouse model of acute renal failure, 

induced by glycerol injection (Hauser et aI., 2010). These authors 

demonstrated that hAFSC and MSC, intravenously injected at the 

peak of renal injury, similarly ameliorated renal function. Both cell 

types engrafted mainly in the interstitium and peritubular 

capillaries; however, very rare cells integrated into renal tubules. 

The discrepancies between these results and the findings 

documented by Perin and colleagues (Perin et aI., 2010) might 

depend on the modality of cell inoculation and on the different 

mouse strain used. Compared to MSC, hAFSC seemed to be 

more effective in reducing renal tubular cell apoptosis. On the 

other hand, MSC were more effective than hAFSC in inducing 

tubular cells to proliferate. Cytokine assays revealed that hAFSC 

produced more LlF than MSC; in vitro experiments of LlF blockade 

on tubular epithelial cell proliferation suggested that this factor 

might account for the biological activity of hAFSC. In conclusion , 
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these authors proposed that the renoprotective effect of hAFSC 

might not be greater than of MSC (Hauser et aI., 2010). 

Despite these studies, summarized in Table 2 and Table 3, as yet 

a population of renal or non-renal stem/progenitor cells with the 

potential to give rise to all cell types present in the mature nephron 

still has to be identified. The isolation of stem/progenitor cells with 

such ability would therefore be of great clinical relevance for the 

development of renal replacement therapies aimed at preventing 

the progression of acute and chronic kidney diseases to end-stage 

renal disease. 
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Table 2. Non renal stem cell populations used in animal models of acute renal failure 

Model of acute Functional 
Cell type Organism Niche Engraftment References 

renal failure improvement 

Cisplatin-induced 
Herrera et aL, 2004; 

ARF mice; Amelioration of renal 
Mouse Renal tubules Morigi et aL, 2004; 

Glycerol-induced- function 

Bone marrow ARF mice 
Herrera et aL, 2007 

Ischemia- Very limited Amelioration of renal 

Mesenchymal Rat reperfusion- engraftment into function likely through 
Togel et aL, 2005; 

stem cells (MSC) induced ARF rats glomerular capillaries paracrine effects 
Togel et aL, 2007 

Amelioration of renal 

function and 
Umbilical Cisplatin-induced 

Human Peritubular areas morphology, Morigi et aL, 2010 
cord ARF SCID mice 

improvement of mice 

survival 

Glycerol-induced 
Tubules, glomeruli Improvement of renal 

Amniotic fluid (Perin et aL, 2010); function, morphology; 
ARF athymic Perin et aL, 2010 

stem cells Human Amniotic fluid 
Foxn1nu mice; 

Interstitium and reduction of tubular cell 

peritubular capillaries 
Hauser et aL, 2010 

(hAFSC) 
SCID mice. 

apoptosis, modulate 

(Hauser et aL, 2010). host immune response 
-
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Table 3. Renal stem cell populations used in animal models of acute renal failure 

Model of acute Functional 
Cell type Organism Niche Engrafiment References 

renal failure improvement 

Proximal 

Multipotent renal tubules at the Ischemia-
Engraftment into 

No significant 

progenitor cells Rat cortico- reperfusion-
renal tubules; most of 

improvements were Gupta et aI., 2006 
cells formed casts or 

(MRPC) medullary induced ARF rats observed 

junction 
lodged into glomeruli 

Slow-cycling Ischemia-
LRCs might generate 

Mouse and Interstitium of Renal tubules and new cells to replenish Oliver et aI., 2004; 
label-retaining 

rat the papilla 
reperfusion-

interstitium damaged kidney Oliveretal.,2009 
cells (LRCs) induced ARF rats 

tissues following ARF 

Most of cells in the 

interstitium around No significant 
Side population Proximal Adriamycin-

Mouse the site of injection; improvements were Challen et aI., 2006 
(SP) cells tubules induced ARF mice 

few cells eng rafted observed 

into tubules 
, .. -----
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Table 3 (continued). Renal stem cell populations used in animal models of acute renal failure 

Model of acute Functional 
Cell type Organism Niche Engrafiment References 

renal failure improvement 

Ischemia- Renal tubules 
Interstitium of 

Sca-1+ Lin- cells Mouse reperfusion- adjacent to the site of Not investigated Dekeletal.,2006 
the papilla 

induced ARF mice cell inoculation 

MKPC ameliorated 
Ischemia-

Mouse kidney Interstitium of MKPC engrafted into renal function and 

progenitor cells Mouse medulla and 
reperfusion-

renal tubules and morphology, reduced Lee et aI., 2010 
induced ARF SCID 

(MKPC) papilla capillaries the infarct zone and 
mice 

decreased mortality 

CD133+ cells 

Interstitium of 
engrafted into 

CD133+ renal Glycerol-induced proximal and distal 
Human the renal Not investigated Bussolati et aI., 2005 

progenitor cells ARF SCID mice tubules and, to a 
cortex 

lesser extent, into 

glomeruli 
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Table 3 (continued). Renal stem cell populations used in animal models of acute renal failure 

Model of acute Functional 
Cell type Organism Niche Engraftment References 

renal failure improvement 

Glycerol- or 

CD24+ CD133+ 
Urinary pole adriamycin-

Renal tubules and Amelioration of both 
of the induced ARF SCID Sagrinati et aI., 2006; 

renal progenitor Human glomeruli, few cells renal function and 
Bowman's mice. Ronconi et aI., 2009 

cells within the interstitium morphology 
capsule Multiple 

inoculations 

Amelioration of renal 
Fetal kidney 

Not S/6 nephrectomy 
Engraftment into 

function, generation of 
precursor cells Rat newly formed renal Kim et aI., 2007 

investigated rat renal tissue, reduction 
(E17.S) tubules and glomeruli 

of the mortality 

Present in 

renal vesicles Engraftment into Amelioration of renal 

CD24+ CD133+ and S-
Glycerol-induced 

renal tubules; REC function and 
ARF SCID mice. 

renal embryonic Human shaped body differentiated into morphology; Lazzeri et aI., 2007 

cells (REC) at 8.S-9 
Multiple 

proximal, distal and prevention of severe 
inoculations 

weeks of collecting duct cells ARF 

gestation 
-
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1.4 Aims of the project 

The mammalian kidney develops through a series of extremely 

complex interactions between two embryonic tissues, the 

metanephric mesenchyme (MM) and ureteric bud (UB) (Fig. 7) 

(Saxen, 1987). A domain of the MM adjacent to the tips of the UB, 

called cap mesenchyme, contains a population of progenitor cells 

that gives rise to all cell types present in the adult nephron, which 

represents the functional unit of the kidney (Kobayashi et aI., 

2008). It is plausible that a fraction of progenitor cells present 

within the MM remains undifferentiated during nephrogenesis, 

thereby giving rise to the residential stem/progenitor cells present 

in the adult kidney. Under physiological conditions these cells 

might contribute to the normal homeostasis of the kidney; 

however, following injury kidney stem/progenitor cells might be 

rapidly recruited to replenish damaged tissues. 

The main aim of the present study was to compare the expression 

profile and nephrogenic potential of the kidney-derived stem cell 

H6 clonal line, originally derived from postnatal mouse kidney 

(Fuente Mora, 2009), with those of metanephric mesenchyme 

cells following in vitro culture. A comparable phenotype between 

the H6 clonal line and in vitro cultured MM cells would suggest that 

H6 cells represented a remnant of the MM that was able to escape 

differentiation during nephrogenesis. The uninduced MM rapidly 

undergoes apoptosis when cultured in the absence of either UB or 

heterologous inducing stimuli (Saxen, 1987; Dudley et aI., 1999; 

Kuure et aI., 2007). Since E11.5 mouse MM contains only - 15000 

cells (Prof. Jamie Davies, University of Edinburgh, personal 

communication), the first aim of this work was to develop culture 
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conditions that could support the expansion of the uninduced MM 

in vitro for several days, in order to provide sufficient cell number 

for subsequent experiments. Then, it became prominent to 

investigate whether under the culture conditions developed, in 

vitro expanded MM cells could maintain a MM-like phenotype, 

retain a nephrogenic potential and form developing nephrons in 

the presence of inducing stimuli. 

Having optimized culture conditions that allowed MM cells to 

undergo in vitro expansion for several days and maintain a MM­

like phenotype and a nephrogenic potential, in the second part of 

this study the expression profile of the H6 clonal line was 

investigated and compared with that of in .vitro cultured MM cells. If 

the H6 clonal line derived from the embryonic MM, then it would 

be able to participate in the formation of nephron-like structures. 

Therefore, in the subsequent step, the in vitro nephrogenic ability 

of the H6 clonal line was assayed and compared with that of in 

vitro expanded MM cells. 

Finally, in the last part of this study, the in vivo nephrogenic 

potential of the H6 clonal line was investigated in a mouse model 

of acute renal tubular failure, induced by glycerol injection. 
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Materials and Methods 

2.1 Dissection 

Unless otherwise stated, the chemicals, culture media, growth 

factors and equipments used in the present study were purchased 

from Sigma-Aldrich (Sigma-Aldrich, Missouri, USA). 

2.1.1 Animal husbandry 

Female CD1 mice (6-8 week old) were purchased from Charles 

River UK (Charles River, Margate, UK), whereas 5-8 week old 

CD1 mice, used for the renal injury studies, were purchased from 

Charles River Italia (Charles River, Calco, Italy). The animals were 

housed in a constant temperature room, with 12 hours light -

hours dark cycle, and free access to food and water. Animals were 

killed by asphyxiation with C02, which was followed by cervical 

dislocation. Postnatal CD1 mice (1-3 day old) were killed by 

decapitation. The present study was conducted in accordance with 

the Animal (Scientific Procedure) Act and the National Institute of 

Health Guide for the Care and Use of Laboratory Animals (Italy). 

2.1.2 Dissection of organs from adult mice 

Kidneys were dissected from adult mice using sterilized stainless 

steel scissors and forceps. Kidneys were bisected coronally, then 

disaggregated as described in section 2.7.2, or processed for RNA 

extraction (see section 2.9.1) or either embedded in paraffin, or 

frozen in cryo-embedding solution (see section 2.4.7 and section 

2.4.8). Small pieces of lung, liver and spleen were dissected from 

mice and embedded in cryo-embedding solution (see section 

2.4.8). In addition, small parts of dissected kidneys were incubated 

in RNA later solution (Ambion, Texas, USA) at 4°C DIN. The next 
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day the solution was removed and the specimens were stored at -

20°C. 

2.1.2.1 Dissection of kidneys from postnatal mice 

After being killed (see section 2.1.1), neonatal mouse kidneys 

were dissected as section 2.1.2 explains and immediately 

processed for RNA extraction (see section 2.9.1). 

2.1.3 Dissection of embryonic kidney rudiments 

Pregnant CD1 mice were killed at embryonic day 11.5 (E11.5) and 

E13.5 by asphyxiation with CO2 and cervical dislocation. Embryos 

were removed from uterine horns using Dumont forceps, size 4 

(Dumont, Swiss) and placed in MEM. Embryos were dissected 

under a Nikon SMZ1000 zoom stereomicroscope (Nikon 

Instruments Inc, New York, USA), decapitated using a 23 gauge 

hypodermic needle (Becton Dickinson, New Jersey, USA), then 

the caudal parts were separated from the rostral parts, and placed 

in fresh MEM. The gender of E13.5 embryos was determined on 

the basis of the morphology of the embryonic gonads. The caudal 

parts were placed on their dorsal side and sagittally cut in two 

halves using 27 gauge hypodermic needles (Becton Dickinson). 

Kidney rudiments were found adjacent to the hind limbs, at the 

end of the nephric ducts. Finally the rudiments were carefully 

isolated from the caudal part of the embryos using 27 gauge 

hypodermic needles and kept in ice-cold MEM. 

2.1.4 Dissection of metanephric mesenchyme 

Dissected kidney rudiments were incubated in 0.5 mg/ml 

collagenase type I for 5 mins at 3rC, then the enzyme was 

inactivated by transferring the samples to pre-warmed DMEM/F12 

with 10% (v/v) fetal calf serum (FCS) (PM, Pasching, Austria). 
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Using 27 gauge hypodermic needles the metanephric 

mesenchyme was carefully teased away from the ureteric bud and 

placed in fresh DMEM/F12 with 10% FCS. The samples were 

carefully observed in order to ensure that the dissected 

metanephric mesenchyme did not contain any part of the ureteric 

bud. 

2.1.5 Dissection of spinal cord 

The dissection of embryonic spinal cord was carried out in MEM. 

Embryos at E11.5 were first decapitated as section 2.1.3 explains, 

then the developing viscera were removed using Dumont forceps, 

size 4. The spinal cord was isolated by carefully teasing away the 

surrounding tissue. The spinal cord was kept in MM medium (see 

media recipes, page 95) either at 37°C and 5% CO2, or at 4°C for 

up to 24 hours. 

2.2 Tissue culture 

In this study all cells were cultured in a humidified cell incubator 

(Sanyo Electric Co. Ltd, Osaka, Japan; Thermo Fisher Scientific 

Inc., Massachusetts, USA) at 37°C and 5% CO2. 

2.2.1 Culture of the kidney-derived H6 and E5 clonal lines 

The H6 and E5 clonal lines were originally derived by Dr Cristina 

Fuente Mora from a population of kidney-derived stem cells 

(KSC), isolated from 2-6 day old CD1 mice (Fuente Mora, 2009). 

Briefly, postnatal kidneys were dissected, cut into pieces smaller 

than 1 mm and incubated in 1 mg/ml collagenase type I and 

0.1 mg/ml DNase I for 1 h at 37°C. The cell suspension was 

passed twice through 21 and 23 gauge needles, finally through a 
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30j.lm pre-separation filter. The cells were cultured in KSC medium 

(see media recipes, page 95) and cloned by limiting dilution in a 

96-well plate (Nunc) (Fuente Mora, 2009). The clonal lines were 

routinely cultured in KSC medium on uncoated tissue culture 

dishes. Medium was changed every 3 days. Cells were passaged 

at confluence by removing the medium and washing the cells in 

pre-warmed phosphate buffered saline (PBS) without CaCI2 and 

MgCh. The cells were incubated in a mixture of trypsin/EDTA in 

PBS without CaCI2 and MgCI2 (final concentration: 0.05% (w/v) 

trypsin/0.02% (v/v) EDTA) for approximately 1 min at 37°C and 5% 

CO2. The trypsin solution was inactivated by adding an equal 

volume of pre-warmed KSC medium, then the cells were 

centrifuged at 400 g for 3 mins and the pellet resuspended in pre­

warmd KSC medium. The cells were counted in a Neubauer 

haemocytometer (Hausser Scientific, Pennsylvania, USA), and 

seeded at a density of 8000 cells/cm2
• 

2.2.2 Freezing of the kidney-derived H6 and E5 clonal lines 

The H6 and E5 clonal lines were washed once in PBS without 

CaCI2 and MgCI2 and trypsinized as described in the previous 

section. After centrifugation the cells were resuspended in 500j.l1 of 

RecoveryTM Cell Culture Freezing medium (Invitrogen, California, 

USA) then the samples were transferred into cryogenic vials 

(Corning, Amsterdam, Holland). The samples were left at -80°C 

overnight (O/N) inside a Cryo 1°C Freezing Container (Nalgene, 

Roskilde, Denmark) containing 250 ml of isopropanol and finally 

stored in liquid nitrogen. 
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2.2.3 Thawing of the kidney-derived H6 and E5 clonal lines 

The H6 and E5 clonal lines were quickly thawed by immersing the 

cryovial into a pre-warmed water bath. Thawed cells were 

transferred into a 15 ml tube (Greiner Bio One, Gloucester, UK) 

containing 9 ml of pre-warmed KSC medium and centrifuged at 

400 g for 3 mins. The pellet was resuspended in KSC medium and 

the cells were cultured as explained in section 2.2.1. 

2.2.4 Culture of metanephric mesenchyme 

Each isolated metanephric mesenchyme was plated into 35 mm 

plastic tissue culture dishes (Nunc, Roskilde, Denmark) in MM 

medium either in the presence or absence of growth factors. In 

order to optimize the effect of paracrine/autocrine factors on cell 

growth, samples were cultured inside a silicon tissue chamber 

(chamber diameter 20 mm) placed into the tissue culture dish 

(Greiner Bio One). Samples were cultured in a total volume of 600 

)ll of culture medium. Metanephric mesenchyme cells were 

cultured up to 4 days and medium was changed every 2 days. 

Metanephric mesenchyme cells were subcultured at day 4 of 

culture following the procedure described in section 2.2.1. 

However, the trypsin was used at a final concentration of 0.01 % 

(w/v) trypsin/0.005% (v/v). After removing the supernatant, the 

cells were resuspended and plated in a fresh tissue culture dish. 

2.2.5 Co-culture of metanephric mesenchyme and spinal cord 

Freshly isolated metanephric mesenchyme and embryonic spinal 

cord (SC) were isolated from E11.5 embryos as reported in 

section 2.1.4 and section 2.1.5. The SC was cut transversely 

every two somites. Three pieces of SC were placed on a 1.2 )lm 

nucleopore membrane filter (Millipore, Massachusetts, USA) which 
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was previously placed upon a stainless steel grid inside a tissue 

culture dish containing the culture medium, as shown in Figure 13. 

A second membrane filter was then deposited upon the pieces of 

SC. Three freshly isolated metanephric mesenchyme were pooled 

and placed on a new piece of membrane filter, then the samples 

were transferred on top of the second membrane filter, taking care 

to place the metanephric mesenchyme just upon the SC (Fig . 13). 

[ ) III 

Figure 13. Schematic representation of transfilter culture. The spinal cord 

(green) is placed between two 1.2 !-1m nucleopore membrane filters on a 

stainless steel grid. The metanephric mesenchyme (red) is placed on the upper 

surface of the third membrane. Specimens are cultured in a tissue culture dish. 

Culture medium wets the grid surface. 

This method allowed the metanephric mesenchyme and spinal 

cord to establish contacts through cellular processes. The samples 

were cultured in MM medium. The culture medium wet the grid by 

capillarity and was changed after 2 days. The samples were co­

cultured for 3 days, and then fixed and immunostained (see 

section 2.4.4 and section 2.8.2 for details). 

This induction assay was also performed using MM that had been 

cultured for 24, 48, and 72 hours. For the 24 hours induction 

assay, the metanephric mesenchyme was cultured on the 

membrane filter in MM medium for 24 hours. Three pieces of 

spinal cord (kept at 4°C, see section 2.1 .5 for details) were placed 

in contact with the metanephric mesenchyme. The samples were 

co-cultured for 3 days; the culture medium was replaced after 2 
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days. For the 48 hours and 72 hours induction assay, the 

metanephric mesenchyme was cultured on membrane filter in MM 

medium, supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2 

for either 48 hours, or 72 hours. The SC was dissected from E11.5 

embryos the same day of the experiments. Three pieces of SC 

were placed in contact with the metanephric mesenchyme, then 

the samples were co-cultured for 3 days. The medium was 

changed every two days. The strategy followed to induce freshly 

isolated and cultured MM with the SC is summarized in Figure 14. 

t=24h 

t=48h 

t=72h 

MM medium 

MM medium 

MM medium + 25 ng/ml 
BMP7 + 100 ng/ml FGF2 

MM medium + 25 ng/ml 
BMP7 + 100 ng/ml FGF2 

1=0 Day 
1 

Day 
2 

Day 
3 

Day 
4 

Day 
5 

Day 
6 

Day 
7 

Day 
8 

Figure 14. Strategy adopted to induce freshly isolated (t=O) MM and MM 

following 24h, 48h and 72 hours of culture by stimulation with spinal cord . 

2.2.6 Culture of metanephric mesenchyme in the presence of 

GSK-3 inhibitor IX 

Freshly isolated metanephric mesenchyme was dissected as 

described in section 2.1.4. The induction was carried out by 

placing three metanephric mesenchymes on 1.2 Ilm nucleopore 

membrane filter, and culturing them in MM medium supplemented 

with 50 ng/ml FGF2, and 5 IlM GSK-3 inhibitor IX (BIO) 

(Calbiochem, Darmstadt, Germany) for 48 hours. The inhibitor was 
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then removed and the samples were cultured for further 3 days. 

The culture medium was replaced after 2 days. Finally the 

samples were fixed and immunostained as described in section 

2.4.4 and section 2.8.2. For the 24 hours induction assay, three 

metanephric mesenchyme were cultured on membrane filter in 

MM medium supplemented with 50 ng/ml FGF2 for 1 day, 

afterwards 5 IlM BID was added to the culture medium. The 

specimens were cultured in the presence of BID for 48 hours, then 

the inhibitor was removed and the samples were cultured for 

further 3 days, replacing the medium after 2 days. In order to 

promote the survival of the metanephric mesenchyme, the 48 

hours and 72 hours induction assay were carried out by culturing 

the MM on membrane filter in MM medium supplemented with 25 

ng/ml BMP7 and 100 ng/ml FGF2 for either 48 hours, or 72 hours. 

The samples were then incubated with 5 IlM BID for 2 days, 

cultured without the inhibitor for further 3 days, and finally fixed 

and immunostained. As reported above, the medium was replaced 

after 2 days. The strategy followed to induce freshly isolated (t=O) 

and cultured MM using BID is shown in Figure 15. 

t=24h 

Day 
1 

t=48h 

Day 
2 

No inhibitor MM medium + 50 ng/ml FGF2 

t=72h 

Day 
3 

No inhibitor MM medium + 50 ng/ml FGF2 

Day 
4 

No inhibitor MM medium + 25 ng/ml 
BMP7 + 100 ng/ml FGF2 

No inhibitor 
MM medium + 25 ng/ml 
BMP7 + 100 ng/ml FGF2 

Day 
5 

Day 
6 

Day 
7 

I~ 
Day 

8 
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Figure 15. Strategy followed to induce freshly isolated (t=O) MM and MM 

following 24h, 48h and 72 hours of culture by stimulation with 810. 

2.2.7 Culture of kidney rudiments 

E11.5 kidney rudiments were dissected as explained in section 

2.1.3. The rudiments were cultured in KSC medium, supplemented 

with 1 X penicillin/streptomycin (PS) on 1.2 ~m nucleopore 

membrane filter in transfilter culture for up to 6 days. The medium 

was changed every 2 days. 

2.2.8 Culture of kidney rudiment chimeras 

The chimera formation assay, which has been described by 

Unbekandt and Davies (Unbekandt and Davies, 2010) was carried 

out by recombining freshly isolated metanephric mesenchyme, 

cultured metanephric mesenchyme and the H6 clonal line with 

E11.5 kidney rudiments. 

2.2.8. 1 Culture of metanephric mesenchyme with embryonic 

kidney rudiments 

Dissection of E11.5 kidney rudiments and E11.5 metanephric 

mesenchyme isolation was carried out as explained in section 

2.1.3 and section 2.1.4. Kidney rudiments were incubated in 150 

~I of 1X trypsin/EDTA for 6 mins at 3rC in a 1.5 ml 

microcentrifuge tube (Eppendorf AG, Hamburg, Germany), 

following which the enzyme was inhibited by adding an equal 

volume of KSC medium, then the samples were incubated at 37°C 

for 10 mins. The kidney rudiments were centrifuged at 400 g for 3 

mins, the supernatant was removed and the samples were 

resuspended in 200 ~I of KSC medium supplemented with 5 ~M of 

Rho-kinase inhibitor Y-27632 (Calbiochem) and disaggregated 

into single cells by gentle pipetting and counted. After isolation, the 
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metanephric mesenchyme was disaggregated into single cells by 

gentle pipetting, then the cells were counted. The labelled cells 

(see section 2.3.2 for details) were then mixed with kidney 

rudiment cells in a ratio of 1:3 (one part of labelled metanephric 

mesenchyme cells to three parts of kidney rudiment cells). The 

total number of cells forming each pellet was 8 x 104
• The cell 

suspension was centrifuged at 400 9 for 3 mins. The pellet was 

collected with a pipette and transferred to a 1.2 Jlm nucleopore 

membrane filter in transfilter culture. The samples were cultured in 

MM medium supplemented with 25 ng/ml BMP7, 100 ng/ml FGF2 

and 5 /-lM Rho-kinase inhibitor Y-27632 for one day; afterwards 

the inhibitor was removed and the specimens were cultured for 

further two days. 

The recombination assay was also carried out by recombining 4-

days cultured metanephric mesenchyme with E11.5 reaggregated 

kidney rudiments. Kidney rudiments were isolated and 

disaggregated into single cells. Metanephric mesenchyme cells 

were cultured for 4 days as explained in section 2.2.4, then were 

trypsinized and counted. Labeled metanephric mesenchyme cells 

were mixed with kidney rudiment cells in a ratio of 1 :3. The cell 

suspension was centrifuged at 400 9 for 3 mins, then the pellet 

was transferred to a membrane filter and cultured in MM medium 

supplemented with 25 ng/ml BMP7, 100 ng/ml FGF2, 5 JlM BIO 

and 5 JlM Rho-kinase inhibitor Y-27632 for one day. The Rho­

kinase inhibitor was removed, whereas BIO was kept in the culture 

medium for an additional day, then samples were cultured for a 

further two days. 

The strategy adopted to carry out this assay is summarized in 

Figure 16. 
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- No inhibitor MM medium + 25 ng/ml 
BMP7 + 100 ng/ml FGF2 

t=96h No inhibitors MM medium + 25 ng/ml 
BMP7 + 100 ng/ml FGF2 

I~ 
1=0 Day Day Day Day Day Day Day Day 

1 2 3 4 5 6 7 8 

Figure 16. Chimera formation assay protocol. The figure shows a schematic 

representation of the strategy adopted to carry out the chimera formation assay 

by recombining either freshly isolated MM (t=O), or 96h cultured MM with E11 .5 

reaggregated kidney rudiments. RI : Rho-kinase inhibitor Y-27632. 

2.2.8.2 Culture of the H6 clonal line with embryonic kidney 

rudiments 

H6 cells and H6 EGFP+ cells (see section 2.3.1) were recombined 

with E11.5 embryonic kidney rudiments following the procedure 

described in section 2.2.8.1. When required , H6 cells were labeled 

as described in section 2.3.2. The chimera was cultured in KSC 

medium supplemented with 1 X PS and 5 )lM Rho-kinase inhibitor 

Y-27632 for one day, then the inhibitor was withdrawn and the 

pellet cultured for further two days. The culture period was 

extended up to 7 days when the functional organic anion transport 

assay (OAT) was carried out (details are explained in section 

2.5.3). 

2.2.9 In vitro differentiation of the H6 clonal line 

The adipogenic, osteogenic and endothelial differentiation ability of 

H6 cells was assessed . For the adipogenic differentiation the cells 

were cultured for three days in the presence of Adipogenic 

Induction medium (Lonza, Basel , Switzerland), followed by three 
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days in the presence of Adipogenic maintenance medium (Lonza). 

Adipogenic differentiation was terminated after three complete 

cycles of induction/maintenance, and assayed using oil red 0 

staining, as explained in section 2.B.3. Control, non-stimulated H6 

cells were always cultured in KSC medium. The osteogenic 

differentiation was assayed by culturing the cells for three weeks 

in the presence of Osteogenic Differentiation medium (Lonza). The 

medium was completely replaced every three days. Control, non­

stimulated cells were cultured in the presence of KSC medium. 

Adipogenic and osteogenic stimulations were carried out following 

manufacturer's instructions (Lonza). 

For the endothelial differentiation, the cells were cultured for three 

weeks in the presence of Endothelial Basal Medium (EBM) 

(Lonza), supplemented with 10 ng/ml of Vascular Endothelial 

Growth Factor. The medium was completely replaced every three 

days. Control, non-stimulated cells were cultured in the presence 

of KSC medium. The ability of the H6 clonal line to undergo 

endothelial differentiation was assayed by cytofluorimetric analysis 

for the expression of the endothelial markers CD31 and CD10S, 

and by immunofluorescence staining for von Willebrand factor as 

explained in section 2.7.1 and section 2.B.1, respectively. 

2.2.10 Cell expansion assay 

The expansion of MM and H6 cells was assayed by inoculating 2.S 

x 103 cells (n=6; n=S for MM cells cultured at passage 2) in a 96-

well plate (Nunc) and using a Cell Counting Kit-B. On the day of 

the experiment the cells were incubated for 4 hours at 37°C and 

S% CO2 with 100 III of cellular dehydrogenase substrate provided 

by the manufacturer. Absorbance measurements were taken with 

a SpectraMax plus microplate reader (Molecular Devices , 
California, USA) at 24 hours intervals until 96 hours of culture. 
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Population doubling (PO) time was calculated as previously 

described (Widera et al. 2009), using the algorithm provided by 

http://www.doubling-time.com. 

2.3 Cell labelling 

2.3.1 Lentiviral transduction to generate EGFP+ H6 cells 

In order to permanently label the He clonal line, it was decided to 

transfect the cells with a pHR-SFFV-GFP lentiviral derived vector, 

constitutively expressing enhanced green fluorescent protein 

(EGFP), under the control of spleen forming foci virus (SFFV) 

promoter. Lentiviral supernatant, containing complete transfecting 

EGFP-expressing vector, was kindly prepared and provided by Mr. 

Sokratis Theocharatos (University of Liverpool) . The diagram of 

the lentiviral vector is illustrated in Figure 17. 

WPRE 3' del U3 L TR 
I 

"'FP~" J 
SFFV L TR (promoter) I \-Amp+ 

cPPT -. 

5' LTR 

pHR-SFFV-GFP 
g662bp 

Figure 17. Diagram of the EGFP-expressing vector used to transfect the H6 

clonal line. EGFP constitutive expression is controlled by SFFV promoter. The 

. vector carries an ampicillin-resistance marker (Amp+), a Woodchuck 

Posttranscriptional Regulatory Element (WPRE) which increases EGFP 

expression, and a central Polypurine Tract (cPPT) element which increases the 

copy number of the lentivirus integrating into the host genome. 
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The lentivirus supernatant was collected from confluent HEK-293T 

cells cultured in T175 flasks (Nunc), aliquoted in volumes of 220 /-tl 

and immediately stored at -80°C (Mr. Sokratis Theocharatos, 

personal communication). On the day of transfection H6 cells were 

trypsinized and seeded into a fresh tissue culture dish as 

described in section 2.2.1, then 110 /-tl of lentivirus supernatant 

was added to the culture medium. The cells were incubated with 

the supernatant for 6 hours in order to allow the cells to adhere to 

the dish, then the medium was completely replaced with fresh 

KSC medium. The presence of H6 EGFP-expressing cells (H6 

EGFP+ cells) was verified by observing the cells under a Leica 

DMIL fluorescent microscope (Leica, Heidelberg, Germany). The 

percentage of labelled cells was determined by cytofluorimetric 

analysis (see section 2.7.1). H6 EGFP+ cells were routinely 

subcultured as described in section 2.2.1 and the expression of 

EGFP was periodically checked. 

2.3.2 Quantum dots labelling 

Freshly isolated metanephric mesenchyme, 4 days cultured 

metanephric mesenchyme and the H6 clonal line were labelled 

with 2.5 nM QTracker® 655 Cell Labelling Kit (quantum dots) 

(Invitrogen). On the day of the experiment the samples were 

disaggregated into a single cell suspension, as discussed in 

section 2.2.8, and incubated at 37°C. The labelling solution was 

prepared by adding 0.5 /-tl of Component A and an equal volume 

of Component 8 (both provided with the labelling kit) to a 1.5 ml 

microcentrifuge tube. After 5 mins of incubation at room 

temperature, 200 /-tl of KSC medium was added to the tube and 

the labelling solution was immediately vortexed at maximum 

speed for 30 sec. A total volume of 200 /-tl of single cell 
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suspension, equivalent to 2.5-5.0 x 105 cells, was then added to 

the labelling solution and incubated at 37°C for 45 mins. The cells 

were washed three times in KSC medium by centrifugation at 400 

g for 3 mins, and were then resuspended and mixed with 

unlabelled kidney rudiments cells as described in section 2.2.8. 

2.4 Fixation and preparation of tissue sections 

2.4.1 Fixation of cultured cells 

Metanephric mesenchyme cells and the H6 clonal line were fixed 

by removing the culture medium and incubating the cells with 4% 

(w/v) paraformaldehyde (PFA) in PBS for 5 mins at RT. The 

samples were washed twice in 1X PBS, then processed for 

immunostaining (see section 2.8.1). 

2.4.2 Fixation of cultured cells for osteogenic and adipogenic 

differentiation assays 

In vitro osteogenic and adipogenic differentiation assays were 

carried out as explained in section 2.2.9. H6 cells were washed 

twice in PBS without CaCI2 and MgCI2, then were incubated in 

10% (v/v) PFA at room temperature for 10 mins before starting the 

alizarin red S staining (see section 2.8.3). The incubation time was 

extended to 30 mins before staining the cells with oil red 0 (details 

are explained in section 2.8.3). 

2.4.3 Fixation of cultured cells for megalin functionality assay 

After incubation with fluorescent bovine serum albumin (BSA) (see 

section 2.5.1 for details) the clonal lines H6 and E5 were 

incubated with 2% (w/v) PFA in PBS for 2 mins at room 
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temperature. The samples were washed twice in PBS and either 

immediately observed under a fluorescent microscope (see 

section 2.5.1), or processed for immunofluorescence staining, as 

described in section 2.8.1. 

2.4.4 Fixation of samples cultured on membrane filter 

The culture medium was removed and the samples were 

incubated in -20°C pre-cooled methanol for 7 mins at RT. During 

this step the membrane filters were left on the metal grids. The 

samples were rinsed once in 1 X PBS, then immunostained as 

described in section 2.8.2. 

2.4.4.1 Fixation of chimeras containing H6 EGFP+ cells 

In order to maintain the signal of EGFP, in this work it was elected 

to fix kidney rudiments chimeras containing H6 EGFP+ cells (see 

section 2.2.8.2) in 4% (w/v) PFA rather than in methanol. The 

culture medium was aspirated, then the samples were incubated 

in 4% PFA for 10 mins at RT. The specimens were washed twice 

in 1X PBS and processed for the immunostaining as reported in 

section 2.8.2. 

2.4.5 Fixation of kidneys for paraffin-embedded sections 

Kidneys were dissected as indicated in section 2.1.2 and bisected 

coronally. The specimens were immediately placed in 10% PFA 

and incubated O/N at room temperature. The kidneys were then 

embedded in paraffin as described in section 2.4.7 . 

. 2.4.6 Fixation of frozen organ sections 

Adult mouse organs were frozen and sections were prepared as 

described in section 2.4.8. The sections were left to dry at RT for 5 

mins, then were incubated in 70% (v/v) methanol for 10 mins at 
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RT. The sections were washed three times in 1X PBS, and 

processed for immunostaining as described in section 2.8.7. 

2.4.7 Preparation of paraffin-embedded kidney sections 

Adult mouse kidneys were dissected as reported in section 2.1.2. 

The organs were cut in two halves and incubated in 10% PFA OIN 

at room temperature. The next day the samples were placed 

inside biopsy cassettes (Bio Optica, Milano, Italy) and embedded 

in paraffin through a series of automatically controlled steps using 

a STP 120 Spin Tissue Processor (Microm International GmbH, 

Walldorf, Germany). In detail, the samples were dehydrated by 

incubation in 70% (v/v) ethanol for 1 hour at room temperature, 

followed by 3 passages in 95% (v/v) ethanol and 3 passages in 

absolute ethanol, 1 hour each passage. The organs were 

passaged in 3 changes of xylene, 1 hour each passage, then 

immersed in 3 changes of liquid paraffin (Bio Optica) at 60°C, 1 

hour each passage, and finally incubated for 1 hour at 60°C in 

liquid paraffin under vacuum. The embedding process was 

completed by letting the paraffin solidify on a refrigerated plate 

(Bio Optica). Coronal sections of paraffin-embedded kidney were 

cut at 4 ~m thickness with a Leica microtome RM2125RT (Leica). 

The sections were stretched out in distilled water at 42°C, placed 

on SuperFrost microscope slides (Thermo Fisher Scientific Inc.) 

and left to dry for 30 mins at 59°C using a Hybaid Shake en' Stack 

Hybridization Oven (Thermo Fisher Scientific Inc.). Paraffin­

embedded kidney sections were prepared by Ms Federica Antico 

(University of Turin, Italy). 
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2.4.8 Preparation of adu/t organs frozen sections 

Adult organs were dissected from mice as reported in section 

2.1.2. Kidneys were coronally cut in two halves. The organs were 

washed in 1 X PBS, then placed in a Peel-A-Way® embedding 

mould (Polysciences Europe GmbH, Eppelheim, Germany) and 

completely covered with Tissue-Tek® D.C.TTM Compound (Sakura 

Finetek, California, USA). The samples were quickly frozen in 2-

methylbutane previously refrigerated to -80°C and left there DIN. 

Sections of frozen organs were cut at 7 /-lm thickness with a 

cryostat (HM505N, Microm International, Walldorf, Germany) and 

C35 Feather microtome blades (VWR, Lutterworth, UK). The 

frozen sections were placed on twin frost microscope subbed 

slides (see section 2.4.9) (76x26xO.8 mm, VWR), and stored at -

20°C. 

2.4.9 Preparation of microscope subbed slides 

Twin frost microscope slides were immersed in absolute ethanol 

(University of Liverpool solvents service) for 15 mins at room 

temperature, then washed 5 times in distilled water. The slides 

were soaked in a solution of 0.5% (w/v) gelatine type A from 

porcine skin and 0.05% (w/v) of CrKS04 in distilled water for 25 

sec at room temperature, then left to dry in a dust-free 

environment at room temperature for 2 days. 

2.5 Proximal tubule cell functionality assay 

2.5.1 Mega/in functionalitvassav 

For the megalin functionality assay (Zhai et aI., 2000), 5 x 104 H6 

or E5 cells were seeded into 8-well chambers (Nunc) and left to 
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grow to confluence in KSC medium. The cells were washed three 

times in PBS without CaCI2 and MgCI2, then were cultured for 24 

hours in KSC medium without FCS. The clonal lines were 

incubated with 40 Jlg/ml of BSA Alexafluor® 594 conjugated 

(Invitrogen) in sterile PBS with CaCI2 and MgCI2 for 1 hour at 

3rC. After removing the solution the cells were washed once in 

sterile PBS with CaCb and MgCI2, nuclei were stained with 1 

Jlg/ml Hoechst 33342, then the cells were fixed (see section 2.4.3) 

and either observed under a Leica DM2500 fluorescent 

microscope (Leica), or processed for immunofluorescence staining 

as described in section 2.8.1. 

2.5.2 Competitive inhibition of BSA uptake 

The H6 clonal line was cultured in 8-well chambers and incubated 

in KSC medium without FCS as described in section 2.5.1. The 

samples were incubated with 20 Jlg/ml of BSA Alexafluor® 594 

conjugated, either alone or in the presence of either 500 ng/ml of 

recombinant mouse receptor-associated protein (RAP, also 

named LRPAP) (R&D System, Minnesota, USA), or 4 mg/ml 

unlabeled BSA for 15 mins at 37°C. After the incubation the 

samples were washed once in PBS and immediately fixed (see 

section 2.4.3). 

2.5.3 Organic anion transport functionality assay 

The following samples were assessed for the organic anion 

transport functionality assay (OAT) (Rosines et aI., 2007): 

• E11.5 intact kidney rudiments; 

.• E11.5 reaggregated kidney rudiments; 

• Chimeras formed by recombining Quantum dots-labelled H6 

cells with E11.5 reaggregated kidney rudiments .. 
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All samples were cultured for a period of 4-7 days on 1.2 J-tm 

nucleopore membrane filter in transfilter culture as described in 

section 2.2.7 and section 2.2.8.2. On the day of the experiment the 

samples were washed twice in PBS, then transferred into a 1.5 ml 

tube and incubated in a solution of 1 J-tM 6-carboxyfluorescein (6-

CF), 20 J-tg/ml rhodamine-conjugated peanut agglutinin (PNA) 

lectin (Vector Laboratories, California, USA) and either in the 

presence or absence of the OAT inhibitor 4 mM probenecid, in 

PBS with 0.1 mM CaCI2 and 1 mM MgCI2 for 1 hour at room 

temperature in the dark. The samples were washed three times in 

cold PBS with CaCI2 and MgCI2, the specimens incubated in the 

presence of the OAT inhibitor were further rinsed in a solution of 8 

mM probenecid in PBS with CaCI2 and MgCI2 for 5 mins at room 

temperature. The nuclei were stained by incubating the samples in 

a solution of 1 J-tg/ml Hoechst 33342 (Invitrogen) in PBS with 

CaCI2 and MgCI2 for 15 mins at room temperature. The samples 

were mounted with 80% (v/v) glycerol in water and immediately 

observed under a Leica AOBS SP2 confocal microscope. 

2.6 Renal injury model 

2.6.1 Animal husbandry 

The renal injury studies were carried out in the laboratory of renal 

and vascular pathophysiology at the University of Turin (Italy), 

using 5 to 8 week old male CD1 mice. The animals were housed 

. and killed as explained in section 2.1.1. 
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2.6.2 Induction of renal injury 

For this study a mouse model of acute renal tubular injury (ARF­

induced mice) was used. Mice were weighed before being used 

(healthy animals), after the induction of the damage and after 

being killed. On the day of the experiment the animals were 

anaesthetized with 30 III of a solution of 12.70 mg/ml Zoletil® 

(Virbac, Carros, France) and 1.58 mg/ml Rompun® (Bayer, 

Leverkusen, Germany) in sterile PBS, which was intramuscularly 

injected into one hind limb by using a hypodermic syringe (8D). 

The acute renal damage was then induced by intramuscular 

injection of 9 mllkg/body weight of 50% (v/v) sterile glycerol in 

sterile water, half of the dose injected into each hind limb. The 

presence of renal injury was assessed by measuring the levels of 

both blood urea nitrogen (BUN) and serum creatinine (see section 

2.6.4 for details). 

2.6.3 H6 EGFP+ cell inoculation 

On the day of the experiment H6 EGFP+ cells were trypsinized 

and counted as reported in section 2.2.1. For the purpose of these 

experiments it was elected to inoculate 8 x 105 cells, resuspended 

in 150 III of sterile PBS, into the tail vein of AFR-induced mice 

using a hypodermic syringe, three days after the induction of the 

renal damage. Control mice were damaged as explained in the 

previous section, then injected with 150 III of sterile PBS into the 

tail vein. Mice were inoculated with H6 EGFP+ cells or PBS by Dr 

Cristina Grange (University of Turin, Italy). In order to evaluate 

tubular cell proliferation of damaged kidney, both ARF-mice and 

·control animals were intraperitonealy injected with 300 III of 1 

mg/ml 5-bromo-2-deoxyuridine. (BrdU) in sterile PBS, 48 and 24 

hours before the animals were killed, using a hypodermic syringe. 
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In addition, the animals were intraperitonealy injected with 250 JlI 

of heparin (5000 U/ml) (B Braun Melsungen AG, Melsungen, 

Germany) a few minutes before being killed. Mice were killed 5, 8, 

and 12 days after glycerol injection (2, 5 and 9 days after cell 

inoculation, respectively), and their organs were processed as 

described in section 2.1.2. 

2.6.4 Determination of blood urea nitrogen and serum 

creatinine levels 

For the measurement of plasma creatinine and blood urea 

nitrogen (BUN), 300-600 JlI of blood samples were collected from 

the thoracic cavity after cutting the heart of ARF-induced mice 

immediately after the animals were killed. The basal levels of both 

BUN and plasma creatinine were assessed in healthy mice (n=6). 

The samples were centrifuged at 700 g for 5 mins, then the serum 

was collected. The levels of plasma creatinine and BUN were 

assayed using QuantiChrom™ Creatinine Assay Kit (DICT-500) 

and QuantichromTM Urea Assay Kit (DIUR-500), respectively 

(BioAssay System, California, USA), following manufacturer's 

instructions. BUN and plasma creatinine measurements were 

taken at 490 nm using a Bio-Rad 680 microplate reader (Bio-Rad, 

California, USA). 

2.6.5 Proliferative activity of kidney tubular cells 

ARF-induced mice were injected with 300 JlI of 5-bromo-2-

deoxyuridine (BrdU) as explained in section 2.6.3. Kidneys were 

dissected from ARF-induced mice as explained in section 2.1.2 

and paraffin-embedded kidney sections, prepared as previously 

reported (see section 2.4.7), ~ere stained for BrdU and PCNA 

(details are explained in section 2.8.6). The proliferative ability of 

80 



Materials and Methods 

ARF-induced mouse kidney tubular cells was evaluated 2, 5 and 9 

days following cell (or PBS) injection by counting the number of 

either BrdU-positive or PCNA-positive tubular cells in 10 randomly 

chosen microscope fields of the renal cortex, observed at 400X 

magnification with a Leica DMIL inverted microscope. 

2.6.6 Tumorigenic assay 

In order to evaluate the tumorigenic propensity of H6 EGFP+ cells 

in vivo, 2 x 106 cells, resuspended in 300 III of sterile PBS, were 

subcutaneously inoculated in healthy mice (n=5), 106 cells at each 

flank. The mice were regularly monitored over a period of 6 weeks 

for the formation of tumour masses nearby the inoculation spots; 

finally they were killed and carefully examined for the presence of 

tumours. 

2.7 Flow cytometrv 

2.7.1 Flow cytometry on cultured cells 

For the cytofluorimetric analysis, H6 cells and H6 EGFP+ cells 

were detached from tissue culture dishes by incubation with a non­

enzymatic cell dissociation solution (Cell Dissociation Solution 

Non-enzymatic 1 X) for 15 mins at 37°C. The cell suspension was 

diluted in KSC medium, then the cells were centrifuged, 

resuspended in 1 X PBS with 0.1 % (w/v) BSA and counted. For the 

purpose of this assay it was elected to stain no less than 105 cells, 

resuspended in 100 JlI of 1 X PBS with 0.1 % w/v BSA, for each 

marker. The cells were incubated with the primary antibodies (BD 

Pharmingen) (primary antibodies used in flow cytometry analyses 

are listed in Table 4), diluted in 100 JlI of 1X PBS with 0.1% BSA, 
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for 30 mins at 4°C, then the cells were washed once in 100 f.11 of 

1 X PBS with 0.1 % BSA by centrifugation at 200 g for 5 mins. 

When a secondary antibody was required (see Table 4 for details), 

the cells were incubated with a secondary PE-conjugated goat 

anti-rat antibody (Caltag, Buckingham, UK), diluted 1 :200 in 100 f.11 

of 1X PBS with 0.1% w/v BSA, for 30 minutes at 4° C. The 

samples were washed once in 1X PBS with 0.1 % wlv BSA, finally 

resuspended in 200 f.11 of the same buffer. A negative control, 

where only the secondary antibody was added, as well as a tube 

containing non-labelled cells, were always prepared. A total 

number of 104 cells were analysed with a FACSCalibur flow 

cytometer (BD). The analysis was carried out by Dr Stefania Bruno 

(University of Turin, Italy) using CeliQuest software (Becton 

Dickinson). 

2.7.2 Flow cytometry on ARF-induced disaggregated kidneys 

Cell-inoculated and PBS-injected kidneys were dissected from 

ARF-induced mice as described in section 2.1.2. The organs were 

washed twice in sterile PBS without CaCI2 and MgCb, then they 

were transferred into a 10 cm Petri dish (Corning) containing 10 ml 

of RMPI. The specimens were minced using a sterile blade, then 

the mixture was filtered through a cell strainer with 40 f.1m nylon 

mesh (Becton Dickinson, New Jersey, USA). A 1 ml sterile syringe 

plunger (BD) was used to allow the mixture to pass through the 

meshes. The filtrate was centrifuged at 200 g for 5 mins, the pellet 

was resuspended in 5 ml of PBS and the cell suspension was 

analysed by flow cytometry. 
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2.8 Immuno- and histological staining 

2.8.1 Immunofluorescence staining of cultured cells 

Cultured cells were fixed as reported in section 2.4.1 and section 

2.4.3. Using a Pap Pen (Daido Sangyo Co. Ltd., Higashicho, 

Japan), a hydrophobic ring was drawn to delineate the area to be 

stained, and afterwards the samples were incubated for 45 mins at 

room temperature in blocking solution comprising 10% (v/v) serum 

(depending upon the host in which the secondary antibody was 

raised in) and 0.1 % (v/v) Triton X-100 in PBS. The primary 

antibody solution, which contained either one or two antibodies in 

1 % (v/v) serum and 0.1 % (v/v) Triton X-100 in PBS, was applied 

to the cells and left O/N at 4°C in a humidified chamber. Before 

adding the secondary antibody solution, the cells 

were washed in PBS three times at room temperature. The cells 

were then incubated with the secondary antibody in 1 % serum and 

0.1 % Triton X-100 in PBS for 90 mins at room temperature in the 

humidified chamber in the dark. The blocking, primary and 

secondary antibody solutions were centrifuged at 13400 g for 5 

mins at room temperature in a Microcentaur centrifuge (Sanyo) 

prior to use. After removing the secondary antibody solution, the 

samples were washed three times in PBS at room temperature, 

and afterwards the cells were incubated with DAPI 

(4 ',6-diamidino-2-phenylindole, dihydrochloride) (Invitrogen) 

1:100,000 in PBS for 5 mins at room temperature in order to 

visualize the nuclei. The specimens were mounted in Dako 

fluorescent mounting medium (Dako, Copenhagen, Denmark) and 

observed under a Leica DM2500 fluorescent microscope (Leica). 

Each staining included a nega_tive control, in which the primary 
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antibody was omitted. Antibody concentrations and suppliers are 

listed in Table 5 and Table 6. 

2.8.2 Immunofluorescence staining of samples cultured on 

membrane filter 

Samples cultured on membrane filter were fixed as described in 

section 2.4.4. The membranes were then placed inside a 1.5 ml 

microcentrifuge tube and rinsed in PBS for 5 mins at room 

temperature. The entire immunostaining procedure was carried 

out inside 1.5 ml microcentrifuge tubes following the protocol 

described in the previous section. To mount the specimens, the 

membrane filters were placed on twin frost microscope slides. 

Particular care was taken to place the side of the membrane with 

the sample upwards. In some occasions the samples were 

observed under a Leica AOBS SP2 confocal microscope (Leica). 

As reported in the previous section, each staining included a 

negative control in which the primary antibody was omitted. 

2.8.3 Evaluation of differentiation assays 

The adipogenic differentiation was evaluated by performing oil red 

o staining. A stock solution of 300 mg of oil red 0 in 100 ml of 

99% (v/v) isopropanol was prepared, then 3 parts of the stock 

solution were mixed with 2 parts of distilled water to make a 

working solution, which was completely filtered through a 

Whatman filter paper. The cells were fixed as described in section 

2.4.2. The fixative was removed and the cells were washed twice 

with distilled water, then 2 ml of 60% (v/v) isopropanol was added 

to the samples and left for 5 mins. The isopropanol was removed 

and the cells were incubated with 2 ml of oil red 0 working solution 

for 5 mins at room temperature, and afterwards the cells were 

rinsed with distilled water until the water rinsed off clear. Nuclei 

84 



Materials and Methods 

were stained by adding 2 ml of 1 mg/ml haematoxylin in 95% (v/v) 

ethanol to the samples for 1 min at room temperature. The 

cultures were washed with distilled water until it rinsed off clear, 

and observed under a Leica DMIL inverted microscope. 

The presence of osteocytes was determined by staining the cells 

for alizarin red S. A working solution of 1 g of alizarin red S in 50 

ml of distilled water, pH 4.1 - 4.3 was prepared. The cells were 

fixed as explained in section 2.4.2, then were rinsed once with 

distilled water. The cultures were incubated with the solution of 

alizarin red S for 2 mins at room temperature, then they were 

rinsed with distilled water until the water rinsed off clear. The 

staining was observed under a Leica DMIL inverted microscope. 

The endothelial differentiation was evaluated by cytofluorimetric 

analysis for the presence of the cell surface markers CD31 and 

CD105 (see section 2.7.1) and by immunofluorescence staining 

for the expression of von Willebrand factor (see section 2.8.1). 

2.8.4 Deparaffinization of paraffin-embedded kidney section 

Paraffin embedded kidney sections were soaked in two changes 

of xylene for 5 mins each, then transferred into absolute ethanol 

for 10 mins. The slides were re-hydrated by sequential immersion 

in 95%, 70%, 50%, 30% (v/v) ethanol in distilled water, 5 mins 

each step, then immersed in distilled water for further 5 mins, and 

finally rinsed in PBS. All steps were carried out at room 

temperature. 

2.8.5 Haematoxylin and eosin staining 

Paraffin was removed as explained in the previous section, then 

kidney sections were immersed in haematoxylin for 6 mins and 
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washed in a bowl of tap water. The samples were briefly dipped in 

a solution of 70% (v/v) ethanol and 0.3% (v/v) concentrated HCI in 

water, then rinsed in running tap water. The slides were placed in 

a solution of 1 mg/ml of eosin in 95% (v/v) ethanol for 2 mins, then 

de-hydrated by dipping them in two changes of 70% (v/v) ethanol, 

followed by immersion in 90% (v/v) and 100% (v/v) ethanol. The 

slides were soaked in HistoChoice® Clearing Agent for 3 mins, 

mounted with Histomount Mounting Solution (Invitrogen) and 

observed under a Leica DMIL inverted microscope. 

2.8.6 Immunohistochemistry of paraffin embedded kidney 

sections 

Kidney sections were deparaffinised as described in section 2.8.4, 

then endogenous peroxidases were blocked by incubating the 

samples in a solution of 6% (v/v) H20 2 in distilled water for 8 mins 

at room temperature. The reaction was stopped by transferring the 

slides under running tap water for 2 mins. The antigen retrieval 

method was performed in a water bath by boiling the samples in 

citrate buffer (10 mM Citric acid, 0.05% (v/v) Tween 20), pH 6.0, 

for 20 mins at 98°C. The samples were left to cool in PBS for 10 

mins, then were washed in PBS with 0.25% (v/v) Triton X-100 for 

10 mins at room temperature. The specimens were washed three 

times with PBS, then a hydrophobic ring was drawn with a 

hydrophobic pen to delineate the area to be stained (Dako). The 

samples were incubated for 45 mins at room temperature in PBS 

with 2% (w/v) bovine serum albumin (BSA), then the primary 

antibody, diluted in PBS with 0.1 % (w/v) BSA, was applied to the 

sections either for 1 hour at room temperature or O/N at 4°C in a 

humidified chamber. The samples were washed twice in PBS with 

0.1 % (v/v) Tween 20, then the secondary antibody, diluted in PBS 

with 0.1 % (w/v) BSA, was applied to the samples for 1 hour at 
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room temperature. Both the primary and secondary antibody 

solutions were centrifuged at 13400 g for 5 mins prior to use. The 

samples were washed twice in PBS with 0.1 % (v/v) Tween 20, and 

afterwards the staining was developed by incubating the sections 

with 3,3'-diaminobenzidine (DAB) (Dako) for 3 mins at room 

temperature. Nuclei were stained by soaking the specimens in 

haematoxylin for 3 mins at room temperature, then the sections 

were washed under running tap water, mounted with glycerol and 

observed under a Leica DMIL inverter microscope. A negative 

control, in which the primary antibody was omitted, was always 

prepared. Primary and secondary antibodies are listed in Table 5 

and Table 6. 

2.8.7 Immunohistochemistry of frozen lung. spleen and liver 

section 

Lung, spleen and liver were fixed as explained in section 2.4.6. 

Endogenous peroxidases were blocked by incubation in a solution 

of 0.3% (v/v) H202 in water for 10 mins at room temperature, then 

the reaction was stopped by placing the slides under running tap 

water for 2 mins. The samples were washed three times in PBS, 

permeabilized in 0.1 % (v/v) Triton X-100 in PBS for 10 mins at 

room temperature, then rinsed in PBS and washed three times 

before incubating them for 45 mins at room temperature in PBS 

with 2% (w/v) BSA. The sections were incubated with anti-GFP 

antibody diluted in PBS with 0.1 % BSA for 2 hours at RT. The 

specimens were washed three times in PBS, then the secondary 

antibody, diluted in PBS with 0.1 % BSA, was applied to the 

sections for 1 hour at room temperature. The samples were 

washed three times in PBS, then the staining was developed as 

section 2.8.6 reports. 
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2.9 Molecular biology 

2.9.1 RNA extraction 

RNA was extracted from cultured cells, postnatal or adult kidneys 

using a phenol:chloroform extraction and ethanol precipitation 

protocol. Cultured cells were first incubated in trypsin and a pellet 

was made as reported in section 2.2.1. The supernatant was then 

removed and 1 ml of TRlzol® Reagent (Invitrogen) was added to 

the pellet. After lysing the cells by gently pipetting, the mixture was 

transferred to a 1.5 ml microcentrifuge tube and 200 ~I of 

chloroform (approximately 20% of TRlzol® reagent volume) were 

added. The samples were mixed by inverting the tube several 

times, then centrifuged at 12000 g for 15 mins at 4°C. The upper 

aqueous phase, containing RNA, was transferred to a fresh 1.5 ml 

tube containing 1 ~g/~1 of glycogen (Boehringer Mannheim GmbH, . 

Mannheim, Germany) and 500 ~I of isopropanol were added. The 

samples were then incubated at - 20°C O/N in order to improve 

the RNA yield. The next day the mixtures were centrifuged at 

12000 g for 10 minutes at 4°C. At the end of this step a pellet of 

RNA was visible. The supernatant was discarded and the pellet 

was washed by briefly vortexing in 75% (v/v) ethanol in nuclease­

free water, then was settled by centrifugation at 4400 g for 5 mins 

at 4°C. The ethanol was removed and the pellet was left to air-dry 

for a few minutes. Finally the pellet was resuspended in 20 ~I of 

nuclease-free water and RNA concentration was assayed with a 

NanoDrop ™ 1 000 spectrophotometer (Thermo Fisher Scientific 

Inc.). RNA overall quality was also assayed by gel electrophoresis 

(see section 2.9.7). Postnatal and adult kidneys were dissected as 

explained in section 2.1.2 and section 2.1.2.1, then minced in 

small pieces. Using a cordless motor and pellet pestles, the 
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postnatal tissue was homogenised in 1 ml of TRlzol® Reagent, 

whereas the adult tissue was homogenised in 4 ml of TRlzol® 

Reagent, then 1 ml aliquots were prepared. The RNA extraction 

was carried out as reported above. 

2.9.2 DNA extraction 

Genomic DNA was isolated from H6 cells, H6 EGFP+ cells and 

E13.5 male and female embryos (see section 2.1.3) with Qiagen 

Genomic-tip 20/G kit (Qiagen, Crawley, UK), following the 

manufacturer's instructions. The DNA was resuspended in 100 JlI 

of 1X TE buffer (see recipes list, page 95) and either immediately 

used as template for the PCR reaction, or stored at -20°C. The 

DNA concentration was assayed with a NanoDrop ™ 1 000 

spectrophotometer. 

2.9.3 DNase treatment 

The DNase treatment was performed as follows: 8 JlI of RNA was 

incubated with 1 JlI of RQ1 DNase buffer and 1 JlI (1 U/JlI) of 

DNase (both from Promega, Wisconsin, USA) at 37°C for 30 mins. 

The reaction was inactivated by adding 1 JlI of Stop buffer 

(Promega) and incubating the sample at 60°C for 15 mins. 

2.9.4 cDNA synthesis 

For cDNA synthesis, 11 JlI of 200 ng/JlI DNase-treated RNA was 

incubated with 1 JlI of 100 ng/JlI random examers (Abgene, 

Epsom, UK) and 1 JlI of 10 mM dNTPs mix (Bioline Ltd., London, 

UK) at 65°C for 5 mins. The samples were chilled on ice for at 

least one minute, then 4 JlI of 5X First Strand buffer, 1 JlI of 100 

mM dithiothreitol (DTT) , and 1 JlI of 200 U/JlI Superscript IIITM 

reverse transcriptase (all from Invitrogen) were added to the 
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mixtures. The samples were incubated at 25°C for 5 mins, 

followed by 60 mins at 50°C, and finally heated at 70°C for 15 

mins, to inactivate the reaction. The cDNA was either immediately 

used as template for the PCR reaction, or stored at - 20°C. 

2.9.5 Oligonucleotide primers 

All primers used in this study were purchased from. The primer 

sequences, listed in Table 7, were either previously described in 

the literature, or designed in-house using the open source Perl 

Primer software. In the latter case the PCR products were 

sequenced by the University of Dundee Sequencing Service 

(http://www.dnaseg.co.u!sD to confirm specificity. All primers were 

diluted in 1X TE buffer and used at a final concentration of 200 

nM. 

2.9.6 peR reaction 

The reaction mix consisted of 2.5 /-ll 10X NH4 Buffer, 0.5 /-ll of 50 

mM MgCI2 , 0.5 /-ll of 10 mM dNTPs mix, 0.5 /-ll cDNA, 0.5 /-ll of 

5U//-l1 Taq DNA polymerase (all from Bioline), 0.5 /-ll of 10 /-lM of 

forward and reverse primers, and 19.5 /-ll of nuclease-free water to 

reach a total volume of 25 /-ll. The PCR was then performed as 

follows: an initial denaturation step at 94°C for 5 mins, followed by 

40 cycles of 94°C for 5 sec, 62°C for 30 sec, 72°C for 30 sec, 

followed by a final extension at 72°C for 7 mins. 

Genomic DNA was amplified by preparing a reaction mix as 

above. For this reaction a total amount of 500 ng/ml of DNA was 

used as template. The PCR was performed as follow: 95°C for 5 

mins, followed by 40 cycles of 95°C for 5 sec, 62°C for 1 min and 
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72°C for 1 min. The reaction ended with a final extension at 72°C 

for 7 mins. 

2.9.7 Gel electrophoresis 

RNA overall quality was assayed by gel electrophoresis in 50 ml of 

1.5% (w/v) agarose gel (Bioline) in 1X TAE buffer (see recipes list, 

page 95) containing 0.5 f.lg/ml of ethidium bromide solution. In 

detail 1 f.ll of RNA was added to 1 f.ll of loading buffer (Bioline), 

then the samples were run at 120V for 20 minutes. 

PCR products were detected in 150 ml of 2.5% (w/v) agarose gel 

in 1X TAE buffer, containing 0.5 f.lg/ml ethidium bromide. Two f.ll of 

loading buffer were added, then a total volume of 12 f.ll was loaded 

onto the gel and the samples were run at 180V for 20 mins. Gels 

were visualized with a Chemi Imager 4400 UV transilluminator 

(Alpha Innotech Corporation, San Leandro, CA, USA). 

2.10 Statistical analysis 

One way analysis of variance (ANOVA) and Student's t-test were 

performed on samples with equal variance. Data were analysed 

with SigmaPlot 11.0 (Systat Software Inc., London, UK). 

Differences were considered statistically relevant when P < 0.05. 
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Table 4. List of primary antibodies used for cytofluorimetric analysis. 

Antibody Concentration Host Isotype Supplier 

CD24 1:50 

CD29 1:50 

CD31 1:50 

CD34 1:50 

CD44 1:50 
SD 

CD45 1:50 Rat IgG 
Pharmingen 

CD73 1:50 

CD90 PE-conjugated 1:20 

CD105 1:50 

CD117 1:50 

Sca-1 PE-conjugated 1:200 

Table 5. List of primary antibodies used for immunostaining. 

Antibody Host Isotype Concentration Supplier 

Calbindin Mouse MonocionallgG1 1:200 Abcam 

Laminin Rabbit polycionallgG 1:500 
Sigma-

Aldrich 

Megalin Mouse MonocionallgG1 1:200 Acris 

PolyclonallgG 
Chemicon 

Musashi Rabbit 1:200 
Int. 

Pax2 Rabbit polycionallgG 1:200 Covance 

Synaptopodin Mouse MonocionallgG1 1:1 Fitzgerald 

Wt1 Mouse MonocionallgG1 1:500 Upstate 

Vwf Rabbit Polyclonal IgG 1 :1000 
Sigma-

Aldrich 

GFP Rabbit IgG 1:800 Abcam 

PCNA Mouse IgG1 1:500 
Sigma-

Aldrich 

SrdU Mouse IgG1 1:25 Dako 
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Table 6. List of secondary antibodies used for immunostaining. 

Fluorocrome or 
Antibody Host Isotype Concentration Supplier 

Conjugation 

Anti-mouse Goat IgG1 488nm 1:500 Invitrogen 

Anti-rabbit Chicken IgG 594nm 1:500 Invitrogen 

Anti-rabbit Goat IgG 350nm 1:400 Invitrogen 

Anti-rabbit Goat IgG 
1:300 Pierce 

Anti-mouse Goat IgG1 HRP 

Anti-mouse Goat IgG 1:500 Abeam 

Table 7. Primer sequences and amplicons size. 

Gene Sequence bp 

5' -CGGGCTGTCATGT ACATCATCGCCCA-3' 
Aqp1 

5' -CCAA TGAACGGCCCCACCCAGAAA-3' 
381 

5' -ATGCGTCCACCAAGAAGCTGA-3' 
Bax 

5' -AGCAA TCATCCTCTGCAGCTCC-3' 
86 

5' -CCGGGAGAACAGGGT ATGAT AA-3' 
Bcl2 

5' -CCCACTCGTAGCCCCTCTG-3' 
81 

5' -CTCAAGGCCAAACTACAGGA-3' 
Des 

5' -CAGAA TCGAA TCCCTCAACG-3' 
133 

5'-GAAGTTATGGGATGTCGTGG-3' 
Gdnf 

5'-GGAT AA TCTICAGGCATATTGGAG-3' 
170 

5'-TICCCCGAACAAACTTCTT -3' 
Hoxb7 

5'-CGGAGAGGTTCTGCTCAAAG-3' 
217 

5' -AGGAGCTTATGAACGTCAAG-3' 
Krt8 161 

5'-CCCATAGGATGAACTCAGTC-3' 

5'-CAACATGCGTGTI ATCCAGG-3' 
Lhx1 

5' -CTTGCGGGAAGAAGTCGT AG-3' 
239 

5' -CCTTGCCAAACCCTCTGAAAA T -3' 
Lrp2 

5'-CACAAGGTTIGCGGTGTCTITA-3' 
562 

5' -CGAGCTCGACTCCAAAACAA T -3' 
Msi1 

5'-GGCTITCTIGCATTCCACCA-3' 
304 

5' -GTCTGCGAACACAGTAGTGGAA-3' 
Msi2 

5'-GTAGCCTCTGCCATAGGTIGC-3' 
340 
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Table 7 (continued). Primer sequences and amplicons size. 

Gene Sequence bp 

Nphs1 
5' -CCCCAACATCGACTTCACTT -3' 

372 
5' -GGCAGGACATCCATGTAGAG-3' 

Nphs2 
5'-GAAAGGAAGAGCATTGCCCAAG-3' 

288 
5'-TGTGGACAGCGACTGAAGAGTGTG-3' 

Osr1 
5' -GCAGCGACCCTCACAGAC-3' 

169 
5' -GCCATTCACTGCCTGAAGGA-3' 

p16'NK4a 5' -ATGATGATGGGCAACGT -3' 
237 

5' -CAAA T ATCGCACGATGTCT -3' 

5'-ACATCTGGTCTGGACTTI AAGAG-3' 
Pax2 158 

5' -GAT AGGAAGGACGCT AAAGAC-3' 

5' -AA TTACCAGCT AAACTGTGAACCT -3' 
Podxl 115 

5' -ACGAGTTICTCTTICTCATCCA-3' 

5' -GCGTCAGGGAGATGGT AAAG-3' 
Ret 

5' -CATCAGGGAAACAGTTGCAG-3' 
217 

5' -GCACATGGGAGGCCAGATCC-3' 
Sail 1 

5'-GGAAGCGTCCGCTGACTIGG-3' 
181 

5' -TGGGACTGGTGACAA TTGTC-3' 
Sry 

5' -GAGT ACAGGTGTGCAGCTCT -3' 
402 

5' -GCCAGGGACCAGCCAGATA-3' 
Synpo 

5' -AGGAGCCCAGGCCTTCTCT -3' 
73 

5' -CTCATAGTTCAACACAGCCT -3' 
Tjp1 

5' -TCATCTTCATCTTCTTCCACAG-3' 
148 

5' -GAGAT AGAGTACATCTTCAAGCC-3' 
Vegf 

5' -TTICTTTGGTCTGCA TICAC-3' 
201 

Vim 
5' -TCTTGACCTTGAACGGAAAGTG-3' 

5' -CACATCGATCTGGACATGCT -3' 
124 

5' -CCAGTGT AAAACTTGTCAGCGA-3' 
Wt1 

5' -TGGGATGCTGGACTGTCT -3' 
234 

5'-CGTIGACATCCGT AAAGACC-3' 
j3-actin 

5'-CAGGAGGAGCAA TGATCTTGA-3' 
143 
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2.11 Media recipes 

2.11.1 KSC medium 

• OM EM High glucose (Sigma-Aldrich, Cat. 06546). 

• 10% (v/v) FCS (PM, Cat. A15-108). 

• 2 mM L-glutamine (Sigma-Aldrich, Cat. G7513). 

• No antibiotics. 

2.11.2 MM medium 

• OMEM/F12 (Sigma-Aldrich, Cat. 06421). 

• 10% FCS 

• 2 mM L-glutamine 

• 1X insulin/transferrin/selenium (Sigma-Aldrich, Cat. 13146). 

• 20 ng/ml dexamethasone (Sigma-Aldrich, Cat. 04902). 

• 1X penicillin/streptomycin (Sigma-Aldrich, Cat. P4333). 

2.12 Buffer recipes 

2.12.1 Phosphate buffered saline (PBS), 1X 

• 6 mM, Na2HP04 (Sigma-Aldrich) 

• 2 mM KCI (Sigma-Aldrich) 

• 0.137 M NaCI (Sigma-Aldrich) 

pH adjusted to 7.4 with 1 N HCI 

2.12.2 Tris EDTA (TE) buffer, 10X 

.• 1 OmM Tris-CI, pH 7.5 

• 1mM EOTA 

pH adjusted to 8.0 with 1 N NaOH 
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2.12.3 Tris-acetate EDTA (TAE) buffer, 10X 

• 48.4 9 Tris Base (Sigma-Aldrich) 

• 20 ml 0.5 M EDTA (Sigma-Aldrich) 

• 11.42 ml glacial acetic acid (Sigma-Aldrich) 

pH adjusted to 8.0 with 1 N NaOH 

2.12.4 Ge//oading buffer, 6X 

• 25 mg bromophenol blue (Sigma-Aldrich) 

• 10 ml of distilled H20 (Sigma-Aldrich) 

• 3 ml glycerol (Sigma-Aldrich) 

Materials and Methods 
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Chapter 3 

Development of culture conditions and 

characterization of mouse metanephric mesenchyme 

cells 

3.1 Introduction 

As mentioned in section 1.1.2.3, in mice the functional kidney, the 

metanephros, starts developing at the embryonic (E) day 10.5 as 

the ureteric bud (US) outgrows from the collecting duct and 

invades the metanephric mesenchyme (MM), a population of 

mesenchymal cells which give rises to all cell types present in the 

mature nephron (Kobayashi et aI., 2008). At E11.5 the 

mesenchyme adjacent to the tips of the US, called the cap 

mesenchyme, undergoes a mesenchymal-to-epithelial transition 

(MET), which leads to the formation of the renal vesicle, the 

epithelial precursor of the nephron. The renal vesicles further 

develop into the comma- and S-shaped bodies, then differentiate 

into the renal tubules and glomeruli. Cell interactions between the 

induced MM and the tips of the US ultimately lead to the branched 

network of the urine collecting system (Saxem, 1987). 

Since the adult nephron contains more than 26 terminally 

differentiated cell types (Sagrinati et aI., 2006), it might be 

conceivable that within the uninduced MM there might be a 

population of progenitor cells committed to generate all cell types 

present in the mature nephron. It is also plausible that some of 

these progenitor cells may remain undifferentiated in the postnatal 

and adult kidney, thus forming a pool of cells that participates in 

kidney repair processes after injury. If such progenitor cells are 
-

present, their isolation and characterization would be of great 
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interest due to their potential application in renal replacement 

therapies. 

The presence of stem cells in mouse kidney has already been 

suggested by different research groups. Oliver and colleagues 

demonstrated that a population of low cycling label-retaining cells, 

detected by 5-bromo-2-deoxyuridine (BrdU) incorporation, resided 

in rat and mouse renal papilla. These cells seem to be involved in 

maintaining the normal homeostasis of the kidney; besides, 

following renal injury, they might provide a supply of cells able to 

replenish damaged kidney tissues (Oliver et aI., 2004; Oliver et aI., 

2009). 

Humphreys and colleagues (Humphreys et aI., 2008) have 

provided strong evidence that in adult mice intrinsic tubular 

epithelial cells participate in tubular regeneration after injury. Using 

a genetic fate-mapping technique which allowed heritable labelling 

of all metanephric mesenchyme-derived epithelial cells, they 

showed that after ischemia-reperfusion injury tubular regeneration 

was accomplished by intrinsic tubular epithelial cells that were 

able to survive the renal damage. These findings, however, do not 

rule out the possibility that other cell types, such as renal 

interstitial cells or bone marrow-derived cells may also playa role 

in kidney repair, essentially by stimulating tubular epithelial cells to 

start proliferating via paracrine factors. 

In a recently published paper, Lee and colleagues demonstrated 

that in mice the interstitium of the medulla and papilla contains a 

population of clonogenic and self-renewing mouse kidney 

progenitor cells (MKPC) that were able to ameliorate renal function 

and reduce mortality following injection in a mouse model of acute 

renal failure, induced by ischemia-reperfusion (Lee et aI., 2010). 
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Despite these and other studies (see section 1.3.2), although it 

has been established that progenitor cells within the MM of the 

embryonic kidney can generate all cell types in the nephron 

(Kobayashi et aI., 2008), it still remains to be seen if 

stem/progenitor cells in the adult kidney have the potential to 

generate all cell types present in the mature nephron. 

The present study aimed to compare the expression profile and 

nephrogenic potential of the kidney-derived stem cell H6 clonal 

line, derived from postnatal mouse kidney, with that of MM cells 

isolated from E11.5 embryos. The rationale of this work was that 

H6 cells might derive from the metanephric mesenchyme, and 

therefore might retain the ability to generate different renal cell 

types. Since the metanephric mesenchyme isolated from E11.5 

mouse kidney rudiment contains approximately 15000 cells (Prof. 

Jamie Davis, University of Edinburgh, personal communication), at 

first it became paramount to develop culture conditions that could 

support the expansion of MM cells in vitro for several passages. 

Previous studies have shown that the uninduced MM, isolated 

from E11.5 mouse embryo, quickly undergoes apoptosis when 

cultured in the absence of heterologous inducing stimuli, such as 

lithium chloride (Saxen, 1987), a synthetic GSK-3 inhibitor (Kuure 

et aI., 2007), or when co-cultured with embryonic spinal cord 

(Saxen, 1987; Dudley et aI., 1999). It has been shown, though, 

that the presence of two growth factors, BMP7 and FGF2, could 

promote the survival of MM up to 48 hours in culture, and maintain 

their ability to undergo tubulogenesis when cultured in transfilter 

culture with embryonic spinal cord (Dudley et aI., 1999). 

Alternatively, MM cells can be expanded in culture indefinitely by 

retroviral transfection of SV40 large T antigen, which transforms 

the cells into an immortalized cell population (Oliver et aI., 2002). 
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This approach, however, may raise the question of whether the 

phenotype of MM cells might be altered following retroviral 

immortalization. 

In the absence of exogenous inducers as of yet it has not been 

possible to expand MM cells in vitro for more than 48 hours 

following isolation. This suggests that the survival of the MM might 

depend either upon the contact with the UB, or by the presence of 

other factors, yet not identified, expressed in the UB. 

This chapter will present how culture conditions were developed 

that could support long-term expansion of MM cells isolated from 

E11.5 mouse embryos. Cell growth assay was carried out in order 

to determine the extent of MM population expansion following in 

vitro culture. Immunofluorescence staining for Wt1 and Pax2, and 

RT -PCR analysis for several MM-specific genes were performed 

in order to investigate whether MM cells maintained a MM-like 

phenotype following in vitro culture. 

The expression of Wt1 is initially detected within the intermediate 

mesoderm. Following the invasion of the ureteric bud into the 

metanephric mesenchyme Wt1 is expressed within the condensed 

mesenchyme, comma and S-shaped body. In neonatal and adult 

kidney Wt1 expression becomes restricted to podocytes (Donovan 

et al 1999; Dressler, 2006). In the embryonic kidney, Pax2 is 

expressed in the ureteric bud and at a low level in the uninduced 

metanephric mesenchyme. The expression of Pax2 increases 

following induction and becomes localized in the comma shaped 

body and later in the distal portion of the S-shaped body (Torban 

et aI., 2006; Dressler, 2009). In adult kidney, Pax2 is expressed in 

the epithelium of the collecting duct and in many cells within the 

renal papilla (Cai et aI., 2005). 
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3.2 Results 

3.2.1 Establishing culture conditions that promote in vitro 

metanephric mesenchyme cell growth 

In an attempt to optimize culture conditions that could prolong the 

survival of subcultured metanephric mesenchyme cells beyond 4 

days of culture, it was decided to culture the cells in the presence 

of a medium composed of an equal volume of MM medium, 

supplemented with growth factors (see section 3.2.2 for details), 

and KSC conditioned medium harvested from the KSC H6 clonal 

line. The reason for growing MM cells in a conditioned medium 

collected from a different cell population was that the H6 clonal 

line showed several features of stem cells and was able to 

undergo limitless expansion. It was hypothesized that growth 

factor(s) released by H6 cells in the culture medium could promote 

both the survival and expansion of subcultured MM cells. Since 

neither the survival, nor the expansion of MM cells at passage 2 

improved in the presence of KSC conditioned medium, this 

strategy was not pursued (data not shown). 

3.2.1.1 Effect of BMP7 and FGF2 on MM cell growth 

Since it has been shown that the presence of both BMP7 and 

FGF2 could enhance the survival of metanephric mesenchyme 

cells in culture (Dudley et aI., 1999) it was elected to culture the 

cells in MM medium (see recipes list, page 95) in the presence or 

absence of 50 ng/ml BMP7 +/- 100 ng/ml FGF2 to investigate if 

these factors could promote MM cell growth. In addition, in order 

to facilitate analysis, it was decided to culture MM cells on 

uncoated tissue culture dishes instead of using nucleopore 

membrane filter, which had been the only substrate used for MM 
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cell culture (Dudley et aI., 1999). To optimise the effect of 

paracrine/autocrine factors on cell growth, the MM cells were 

cultured inside a small silicon ring, which enabled the volume of 

culture medium to be reduced to 600 Ill. 

Figure 18. E11 .5 embryonic kidney rudiment. The ureteric bud and the 

surrounding metanephric mesenchyme are indicated by the dotted line and 

asterisk, respectively. 

Figure 19. Metanephric mesenchyme (MM) and ureteric bud (US) after 

separation. 
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Kidney rudiments were isolated from E11.5 embryos (Fig. 18) and 

the MM was dissected from the ureteric bud (Fig. 19) and cultured 

in the presence or absence of BMP7 +/- FGF2. MM colonies were 

imaged every 24 hours to determine the effect of the growth 

factors on colony expansion and morphology. 

The results indicated that in the absence of growth factors MM 

colonies showed limited expansion: the colony size barely 

increased throughout 96 hours of culture and cells formed a 

monolayer colony at the end of the period studied (Fig. 20, top 

panel). Similar results were observed when MM cells were 

cultured in the presence of BMP7 only (Fig. 20, central panel). 

Under the conditions assayed MM cells displayed a mesenchymal 

morphology: the cells appeared to be randomly oriented with 

irregular shape and were elongated. The presence of both factors 

in the medium stimulated MM colony expansion: pictures taken at 

different time-points showed that the colony size increased 

throughout 96 hours of culture. Additionally, at the centre of the 

colony cells formed a multilayer instead of a monolayer as 

previously observed. However at the edge of the colony the cells 

maintained their typical mesenchymal morphology (Fig. 20, bottom 

panel). It was observed that in the presence of both BMP7 and 

FGF2 MM cells were able to undergo expansion up to 144 hours 

in culture (data not shown). However it was noticed that after 5 

days in culture the cells started forming a thick multilayer, and it 

was no longer possible to evaluate their morphology. 
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24h 48h 96h 

Control 

50 ng/ml BMP7 

50 ng/ml BMP7 + 
100 ng/ml FGF2 

Figure 20. MM cells cultured for 24, 48 and 96 hours in control medium and in the presence of 50 ng/ml BMP7 and 50ng/ml BMP7 + 100ng/ml 

FGF2. Arrows indicate the edge of the colonies: it can be noticed that in the presence of both BMP7 and FGF2 the edge of the colony cannot be 

seen as result of colony expansion. Scale bar: 200 11m 
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Since multilayering is a condition which should be avoided 

because it may induce premature differentiation, as demonstrated 

in human ES cells (Sullivan et aI., 2007), the next set of 

experiments aimed to modify the MM culture conditions in order to 

promote monolayer, rather than multilayer growth. The 

modifications included changing the concentration of serum 

(section 3.2.1.2) and BMP7 (section 3.2.1.3). 

3.2.1.2 Effect of serum concentration on MM cell growth 

In order to investigate the effect of serum concentration on MM 

cell growth and morphology, explants were cultured in the 

presence of BMP7 and FGF2 either in serum-free MM medium, or 

in MM medium supplemented with low (2%) or high (10%) 

concentrations of serum for 4 days. MM colonies were imaged 

every 24 hours to determine the effect of serum concentration on 

colony expansion and morphology (data not shown). 

Table 8. Effect of serum concentration on MM cell growth 

No Serum 2%FCS 10% FCS 

Limited colony Marked colony 
No growth 

expansion expansion 

The results, summarized in Table 8, demonstrated that in medium 

supplemented with 0 and 2% FCS, MM cells displayed an 

absence of growth, or limited expansion, respectively. Therefore, it 

was concluded that high concentrations of serum are optimal for 

promoting MM colony expansion, and in subsequent experiments, 

MM medium was supplemented with 10% FCS. 
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3.2.1.3 Effect of BMP7 concentration on MM colonv growth and 

morphologv 

It has been suggested that in addition to promoting MM cell 

survival, BMP7 also plays a role in inducing mesenchymal-to­

epithelial transition (MET) (Zeisberg M et aI., 2005; Buijs et aI., 

2007), and can promote the survival of the mesenchyme in the 

absence of the ureteric bud (Dudley et aI., 1999). Therefore to 

investigate if MM multilayering was due to the high concentration 

of BMP7 in the culture medium, MM was dissected as described 

previously and cultured in MM medium supplemented with 100 

ng/ml FGF2 and either 0,25 or 50 ng/ml BMP7. 

The results showed that in the absence of BMP7 cells formed a 

uniform monolayer and there was no evidence of multilayering 

(Fig. 21, left panel). The presence of 25 ng/ml of BMP7 seemed to 

promote the formation of a thin multilayer at the centre of the 

colony (Fig. 21, central panel); however this multilayering effect 

was much more pronounced in the presence of 50 ng/ml BMP7 

(Fig. 21, right panel). MM cells maintained their typical 

mesenchymal morphology under all conditions assayed. However, 

due to the thick multilayer that formed in the presence of 50 ng/ml 

BMP7, the morphology of the cells at the centre of the colony was 

difficult to assess. 

Taken together, the above results show that the optimal culture 

medium for mouse MM cells isolated from E11.5 embryos is MM 

medium (see recipes list, page 95) supplemented with 25 ng/ml of 

BMP7 and 100 ng/ml of FGF2. 
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FGF2 FGF2 + 25 ng/ml BMP7 FGF2 + 50 ng/ml BMP7 

Figure 21. MM cells cultured for 96 hours in the presence of FGF2 only (left), FGF2 + 25ng/ml BMP7 (centre) , and FGF2 + 50ng/ml BMP7 

(right) . Dotted lines evidence the presence of multilayer. Scale bar: 200 ~m . 
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3.2.1.4 Determining the number of times that MM cells can be 

passaged under optimal culture conditions 

The next objective was to determine the number of times that MM 

cells could be passaged when cultured in the optimal culture 

medium described above. As already mentioned, due to the short 

survival of MM cells in culture, until now these cells have only 

been maintained in the long term by generating an immortalized 

cell line (Oliver et aI., 2002). 

Since it was observed that MM cells started organizing into a quite 

thick multilayer when cultured longer than 4 days, it was decided 

to passage the cells after 96 hours of culture. Figure 22 shows the 

strategy followed to subculture MM cells. 

o 1 2 3 4 5 6 7 8 9 10 11 

Figure 22. Strategy followed to subculture MM cells. The cells were passaged 

every four days and cultured for up to 2 passages and 12 days. 

Metanephric mesenchyme cells were initially subcultured in the 

same culture medium that was used to expand freshly isolated 

MM. The results showed that MM cells at passage 1 were able to 

organize into a fairly uniform monolayer and maintain their typical 

mesenchymal-like morphology (Fig. 23). 
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Centre of the colony Edge of the colony 

Figure 23. Metanephric mesenchyme cells subcultured at passage 1 in MM 

medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2. Left and right 

sides of the panel show pictures taken at the centre and edge of the colony, 

respectively. Scale bar: 100 /lm. 

As Figure 24 shows, at second passage MM cells still appeared to 

have a mesenchymal-like morphology; however, the cells looked 

more elongated than at passage 1, as it can be especially noticed 

at the edge of the colony (Fig. 24, right side). Under these 

conditions, at passage 2 the colony never expanded and MM cells 

could not survive for more than 4 days (12 days after MM 

isolation, see Fig. 22). 

Centre of the colony Edge of the colony 
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Figure 24. Metanephric mesenchyme cells subcultured at passage 2 in MM 

medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2. Centre and 

edge of the colony are shown on the left and right side of the panel, 

respectively. Scale bar: 100 f.lm. 

In an attempt of trying to enhance in vitro growth of cultured MM 

cells, it was decided to supplement the MM medium with 100 

ng/ml stem cell factor (SCF). This growth factor is involved in the 

survival, proliferation and migration of different stem/progenitor cell 

types, such as hemopoietic stem cells, mast cells, neural 

progenitor cells and cortical stem cells (Ueda et aI., 2002). As 

shown by Schmidt-Ott and co-workers, in the developing kidney 

SCF is expressed in the ureteric bud and its receptor, c-kit, is 

expressed in E11.5 metanephric mesenchyme both at the entry 

point of the ureteric bud, and in a multilayer of cells that surrounds 

the entire rudiment (Schmidt-Ott et aI., 2006). It has been shown 

that SCF is able to accelerate the growth of the developing kidney 

in vitro, by expanding the population of embryonic interstitial cells 

(Schmidt-Ott et aI., 2006). Since the culture conditions to support 

the expansion of PO MM cells were considered optimized for the 

purposes of the present study, it was decided to add SCF only to 

subcultured MM cells. The initial results looked promising, as at 

day 4 of passage 2 most MM cells were still attached to the plastic 

of the dish and appeared healthy; however, the colony did not 

undergo further expansion. At passage 3, no further population 

expansion was observed and, as can be seen in Figure 25, the 

morphology of the cells had notably changed, as the cells had 

acquired a myofibroblasts-like morphology. In future 

immunostaining for a-smooth muscle actin, a myofibroblasts 

marker, might be carried out on long term-cultured MM cells in 

order to shed light on this assumption. Since MM cells could be 
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expanded up to passage 1, whereas after passage 2 the cells 

were able to survive for a few days only, in this work it was elected 

to investigate the expression profile of MM cells cultured up to 

passage 2 (12 days following initial isolation). 

Figure 25. MM cells cultured at passage 3 in MM medium supplemented with 

25 ng/ml BMP7, 100 ng/ml FGF2 and 100 ng/ml SCF. It can be observed that 

MM cells no longer displayed a mesenchymal-like morphology. Scale bar: 100 

J.lm . 

3.2.2 Determining the extent of MM population expansion 

For the purpose of this work it was important to demonstrate that 

the culture conditions developed could support not only the 

survival but also the proliferation of MM cells in culture. To 

determine the extent of MM population expansion over a 12 day 

period (2 passages), MM growth was assayed using a colorimetric 

reaction based on the activity of cellular dehydrogenases. 

Measurements were taken every 24 hours following initial plating 

of dissected MM (passage 0 (PO)) (n=6) or following 

trypsinization/replating, (P1 and P2) (n=6 for P1 MM cells; n=5 for 

P2 MM cells) for a 96 hour period. Cell expansion was determined 

in terms of increments of absorbance values. The absorbance 

values are reported in Table 9 through Table 11, and the growth 

curves are shown in Figure 26. 

112 



Absorbance 

0,35 
Table 9. Expansion of PO MM cells 

0,3 PO t=24h t=48h t=72h t=96h 

0,25 Mean 0,095 0,190 0.214 0.276 

0,2 SO 0.001 0.021 0.014 0,012 

0,15 

0,1 

0,05 

° 
t=24h t=48h t=72h t=96h 

Absorbance 

0,3 
Table 10. Expansion of P1 MM cells 

0,25 P1 t=24h t=48h t=72h t=96h 

0,2 Mean 0.051 0,108 0,250 0.234 

0,15 
SO 0,014 0,039 0,015 0.041 

0,1 

0,05 

° 
t=24h t=48h t=72h t=96h 

Table 11. Expansion of P2 MM cells 

P2 t=24h t=48h t=96h 

Mean 0,087 0,111 0.117 

·f '. -.,' .,,,., 
SO 0,009 0.032 0.047 

'":... (/' 

~ ~, ·~i 
~{.~ ~~,{ 

O,Os 

t=24h t=48h t=96h 
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Figure 26. Growth curves of PO (top) (n=6), P1 (centre) (n=6) and P2 (bottom) 

(n=5) MM cells cultured in MM medium supplemented with 25 ng/ml BMP7 and 

100 ng/ml FGF2. The population doubling (PO) time (see section 2.2.10 for 

details) for PO and P1 MM cells was approximately 57 hours and 39 hours, 

respectively. The results are expressed as mean ± standard deviation of 

absorbance values. 

The results indicated that under optimal culture conditions (MM 

medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2) 

the population of MM cells doubled between 24 and 48 hours of 

culture. Following a growth lag between 48 and 72 hours, a further 

increase in cell number was observed between 72 and 96 hours of 

culture (Fig. 26, top). The population doubling (PD) time for PO 

MM cells was approximately 57 hours. Overall the results 

demonstrate that the MM cell population was able to expand by 

approximately 3-fold in 4 days when cultured in MM medium 

supplemented with 25 ng/ml BMP7, and 100 ng/ml FGF2. 

The expansion of MM cells at passage 1 (P1) cultured in MM 

medium with 25 ng/ml BMP7 and 100 ng/ml FGF2 was then 

assayed. As shown in Figure 26 (centre), the cells were still 

capable of expansion throughout 96 hours of culture (8 days 

following initial isolation). The results demonstrated that the cell 

number significantly increased between the first and second day of 

subculture, rose by approximately 2.5-fold between 48 and 72 

hours and finally levelled between 72 and 96 hours of culture. 

These results also showed that the subculture of MM cells seemed 

to have a higher proliferation capacity than the primary culture of 

MM cells, as the PD time was approximately 37 hours and the 

overall degree of expansion was about 5-fold. However, unlike PO 

MM cells that reached the peak of expansion at the fourth day of 

culture, subcultured MM cells peaked after 72 hours of culture. 
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When subcultured at passage 2 (P2) MM cells were no longer able 

to undergo further expansion, as results show in Figure 26 

(bottom). 

The results of the proliferation assay showed that MM cells 

cultured in MM medium with 25 ng/ml BMP7 and 100 ng/ml FGF2 

expanded by approximately 15-fold in 7 days of culture. 

Altogether, the results obtained represent a considerable 

achievement as they demonstrate for the first time that a non­

immortalized MM cell line, cultured in the presence of BMP7 and 

FGF2 can undergo expansion up to the third day of culture at 

passage 1 (7 days following initial isolation). Moreover, these 

conditions allowed the cells to maintain a mesenchymal-like 

morphology up to passage 1 and 8 days in culture. 

3.2.3 Expression of Wt1 and Pax2 in MM cells following in 

vitro culture 

The previous experiments showed that MM cells could be 

expanded by approximately 15-fold following 7 days of culture. 

Moreover, during this time, the cells maintained a mesenchymal­

like morphology. To investigate whether MM cells continued to 

express the MM-specific markers Wt1 (Donovan et aI., 1999; 

Dressler, 2006) and Pax2 (Dressler, 2009) following several days 

of in vitro culture, immunostaining was performed at 24 hour 

intervals following initial MM isolation. 

The results showed that almost all freshly isolated MM cells were 

Wt1 positive, and many of them were also Pax2 positive. Since 

both Wt1 and Pax2 are transcription factors, the staining is 

localized in the nuclei (Fig. 27). It was found that the expression of 

Wt1 . was maintained throughout 96 hours of culture in the vast 
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majority of MM cells (Fig. 27 through Fig. 31). The expression of 

Pax2 was still present in MM cells cultured for 24 hours; however, 

unlike Wt1, it disappeared after 48 hours in culture (Fig. 27 

through Fig. 29). Control staining, where the primary antibodies 

were omitted, did not display any fluorescence (Fig. 33). 

In order to determine if Wt1 expression was maintained following 

extended culture, immunostaining was performed on MM cells 

subcultured at passage 1 and passage 2. The results, shown in 

Figure 32 indicates that P1 MM cells still expressed Wt1, although 

it seemed that several cells had lost the expression of this 

transcription factor, as only about half of them displayed a positive 

immunostaining (Fig. 32, top panel, arrows). The expression of 

Wt1 was still detectable in MM cells at P2, but became restricted 

to a limited number of cells compared with P1 (Fig. 32, bottom 

panel, arrows). 
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Figure 27. Freshly isolated MM cells cultured in MM medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2 stained for Wt1 (green) 

and Pax2 (red). Nuclei are stained for DAPI (blue). Scale bar: 100 !J.m. 
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Figure 28. MM cells cultured for 24 hours in MM medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2 stained for Wt1 (green) and 

Pax2 (red) . Nuclei are stained with DAPI (blue) . Scale bar: 100 /-1m . 
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Figure 29. MM cells cultured for 48 hours in MM medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2 stained for Wt1 (green) and 

Pax2 (red) . Nuclei are stained with DAPI (blue) . Scale bar: 100 /Jm. 
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Figure 30. MM cells cultured for 72 hours in MM medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2 stained for Wt1 (green) and 

Pax2 (red). Nuclei are stained with DAPI (blue). Scale bar: 100 flm. 
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Figure 31. MM cells cultured for 96 hours in MM medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2 stained for Wt1 (green) and 

Pax2 (red) . Nuclei are stained with DAPI (blue) . Scale bar: 100 f.lm . 
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Passage 1 

Passage 2 

Figure 32. Immunofluorescence staining of MM cells cultured at passage 1 (top) and passage 2 (bottom) for Wt1 (green). The cells were 

cultured in MM medium supplemented 25 ng/ml BMP7 and 100 ng/ml FGF2 Nuclei are stained with DAPI (blue). Arrows indicate Wt1-positive 

cells. Scale bar: 100 /lm . 
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3.2.4 Gene expression profiling of MM cells following in vitro 

culture 

In order to investigate the gene expression profile of MM cells 

following in vitro culture, RT -peR analysis was performed to 

compare the expression of key MM-specific genes in freshly 

isolated MM cells with that of cultured cells. Table 12 shows the 

list of genes selected for the expression analysis. Primer 

sequences are shown in Table 7, page 93. This list of genes 

comprises specific markers for metanephric mesenchyme, such as 

Wt1, Pax2, 8a1l1, Osr1 and Gdnf. It is expected that most of these 

genes are expressed in the MM cell population following in vitro 

culture. If most of these genes are not expressed, it would indicate 

that the cells are not able to maintain a MM-like phenotype 

following in vitro expansion. 

Table 12. List of markers selected for the RT-PCR analysis. 

Gene Sl2ecificit~ 

Wt1, 8a1l1, Osr1, Gdnf Metanephric mesenchyme 

Ret, Hoxb7 Ureteric bud 

Metanephric mesenchyme, 
Pax2 

Ureteric bud 

Lhx1 
Nephric duct, Ureteric bud, MM-

derived structures 

Vim Mesenchymal cells 

Tjp1 Epithelial cells 

Msi1, Msi2 Stem/progenitor cells 

Bax, Bc/2 Apoptosis 

p161NK4B Senescence 
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The genes Ret and Hoxb 7 are ureteric bud markers: they were 

selected in order to verify that the metanephric mesenchyme does 

not contain US cells. The expression of Lhx1 is detectable in the 

intermediate mesoderm, then in the nephric duct, ureteric bud and 

some MM-derived structures such as comma and S-shaped body 

(Kobayashi et aI., 2005). Vimentin (Vim) is a mesenchymal marker 

that was included in order to verify that MM cells maintain a 

mesenchymal-like phenotype following in vitro culture. Conversely, 

the epithelial marker Tight junction protein (Tjp1) was selected in 

order to detect the presence of epithelial cells in explants, and to 

assay whether the MM cell population undergoes mesenchymal to 

epithelial transition following in vitro culture. Musashi1 (Msi1) and 

Musashi2 (Msi2) are markers for multipotency expressed in neural 

stem and progenitor cells (Sugiyama-Nakagiri et aI., 2006), and in 

renal progenitor-like cells (Kitamura et aI., 2005). These markers 

were chosen to determine whether freshly isolated MM show a 

progenitor cell-like phenotype, and whether their expression can 

be maintained following in vitro culture. The expression of genes 

involved in apoptosis and senescence was also investigated, 

namely the pro-apoptotic gene Bax, the anti-apoptotic gene Bc/2 

and the senescence marker p161NK4a (Kim et aI., 2008). These 

markers were selected in order to investigate if the failure of MM 

cells to be propagated in long term culture was due to the cells 

undergoing apoptosis or senescence. In this study {J-actin (fJ-act) 

represented the reference gene and it was chosen in order to 

verify that the PCR reaction worked appropriately. 

RT -PCR was performed on freshly isolated MM and MM cells 

cultured for 24 hours, 48 hours, 72 hours and 96 hours in MM 

medium always supplemented with 25 ng/ml SMP7 and 100 ng/ml 

FGF2. The results showed that freshly isolated MM expressed all 
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of the MM-specific genes assayed, i.e. Wt1, Pax2, Osr1, Sall1 and 

Gdnf. In addition the cells expressed Vim, thus demonstrating that 

they showed a mesenchymal phenotype (Fig. 34). Moreover, the 

expression of both Msi1 and Msi2 was detected, thus suggesting 

the presence of progenitor-like cells within the population of freshly 

isolated MM cells. It is interesting to point out that the cells 

expressed both the pro-apoptotic marker Sax and the anti­

apoptotic marker Sc12, whereas the senescence marker p161NK4a 

was not found. Surprisingly, it was found that the epithelial marker 

Tjp1 and the ureteric bud markers Ret and Hoxb7 were expressed 

by the freshly isolated MM (Fig. 34). Although particular care was 

taken to separate the MM from the ureteric bud, it cannot be ruled 

out that a small number of US cells remained attached to the MM 

after dissection. Following 96 hours in culture the expression 

profile of cultured MM was almost unchanged, except that Pax2 

was no longer expressed following 48 hours of culture (Fig. 34). 

This result is in agreement with the immunofluorescence staining, 

which shows that the presence of Pax2 protein was lost following 

2 days of culture (Fig. 27 through Fig. 29). The results presented 

here indicate that all MM-specific markers are expressed by MM 

cells following 96 hours of culture, thus indicating that under the 

culture conditions developed MM cells were able to maintain a 

MM-like phenotype. In addition, the presence of both Msi1 and 

Msi2 suggests that MM cells might retain a progenitor cell-like 

phenotype (Fig. 34). It was also observed that under these culture 

conditions the pro-apoptotic stimulus of Bax seemed to be 

counterbalanced by the expression of the anti-apoptotic gene 

Bc12. Moreover, the senescence marker p161NK4a was never 

detected in MM cells throughout 4 days of culture (Fig. 34). 
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Figure 34. Expression profile of freshly isolated and cultured MM cells. Left: 

RT-PCR performed on freshly isolated MM (t=O) and MM cells following 24, 48, 

72, and 96 hours of culture . Right: RT-PCR performed on MM cells at passage 

1 (P1) and passage 2 (P2) . MM cells were always cultured in MM medium 

containing 25 ng/ml BMP7 and 100 ng/ml FGF2. p16: p161NK48; [J-act: reference 

gene; 0 : No template. MM cells cultured up to 96 hours: Wt1 , Pax2, Osr1, 

Sa1l1 , Lim1 , Vim, Gdnf, Ret, Tjp1 , Bax, Bc/-2, p16 and [J-act n2:2; Msi1 , Msi2 

and Hoxb7 n=1 . P1 and P2 MM cells: all genes except fJ-act n=1 ;[J-act n=2. 

In order to investigate the expression profile of long-term cultured 

MM cells, RT-PCR analysis was performed on cells cultured at P1 

and P2. The results show that at P1 the expression profile of MM 

cells appeared to be very similar to that of 4-days cultured MM 

cells. The results also suggest that even at P1 MM cells retained a 

progenitor cell-like phenotype, as both Msi1 and Msi2 were still 

clearly detectable (Fig. 34). The expression profile changed when 

MM cells were cultured at P2. As it can be seen in Figure 34, 
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although the MM-specific genes were still present, their expression 

levels seemed to be reduced compared with that at P1. Notably, at 

P2 Gdnf was no longer detectable. The absence of Gdnf 

expression may results from the lack of Pax2 expression in MM 

cells following 2 days in culture. In fact, as demonstrated by 

Brophy and colleagues (Brophy et aI., 2001), the expression of 

Gdnf depends upon the expression of Pax2. Therefore, it is 

possible that the lack of Pax2 expression led to the lack of Gdnf 

transcription. 

In summary, the gene expression profile analysis shows that MM 

cells cultured in MM medium supplemented with 25 ng/ml BMP7 

and 100 ng/ml FGF2 could retain a MM-like phenotype and a 

progenitor cell-like phenotype following several days of in vitro 

culture, as they expressed the metanephric mesenchyme markers 

Wt1, Osr1 and Sa1l1, the mesenchymal marker Vim and the 

progenitor cells markers Msi1 and Msi2. The expression of several 

MM markers was still detectable at P1 and, in part, at P2. In 

addition, the presence of Msi1 and Msi2 suggests that MM cells 

might also maintain a progenitor cells-like phenotype following 12 

days of culture. 

3.3 Discussion 

In this chapter it was shown that metanephric mesenchyme cells 

cultured in MM medium supplemented with 25 ng/ml BMP7 and 

·100 ng/ml FGF2 could undergo expansion by approximately 15-

fold and maintained a MM-like _ phenotype after 7 days of culture, 
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as evidenced by the presence of several MM-specific markers, 

such as Wt1, Osr1, Sa1l1, Gdnf and Vim. 

Cell growth assays showed that the population doubling (PO) time 

for freshly propagated (PO) MM cells was about 57 hours. 

Interestingly, P1 MM cells displayed a shorter PO time, which was 

approximately 37 hours. However, under the conditions 

developed, MM cells were no longer able to undergo further 

expansion beyond the third day of culture at P1 (7 days after initial 

isolation). It is plausible that the culture conditions developed were 

appropriate for the expansion of MM cell population in the short 

term, but were not ideal to support cell expansion beyond 7 days 

of culture. Adult stem or progenitor cells usually reside in 

specialized regions, called niches that represent sheltering 

microenvironments that allow the cells to undergo self-renewal 

and protect them from premature differentiation (Moore and 

Lemischka, 2006). Given that the metanephric mesenchyme 

represents a population of progenitor cells (Oliver et aI., 2002) 

committed to generate all cell types present in the adult nephron, it 

is plausible that the culture conditions developed simply did not 

provide a suitable niche for the long term culture of MM cells. 

Immunostaining and RT-PCR assays suggested that the 

phenotype of MM cells changed when the cells were cultured for 4 

days at P2 (12 days following initial isolation), as a downregulation 

in the expression of key MM-specific markers, namely Wt1, Osr1, 

Sa1l1, and Vim was observed in P2 MM cells compared with P1 

MM cells. Furthermore, P2 MM cells lost the expression of the 

MM-specific gene Gdnf. As previously observed, the expression of 

Pax2, another key MM marker, was lost after 24 hour of culture. 

Xu and colleagues proposed the existence of an Eya1-Six1-Pax2 
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hierarchy that is involved in mammalian kidney development (Xu 

et aI., 2003). The lack of expression of Pax2 observed in this study 

might be due to a downregulation of either Eya1 or Six1, or both 

genes, in cultured MM cells that in turn determined the loss of 

Pax2 expression. Therefore, in order to provide evidence to 

support this hypothesis, in future it would be important to 

investigate the expression of both Eya1 and Six1 in freshly 

isolated MM and MM cells following in vitro culture. 

These results appear to indicate that under the culture conditions 

developed, apart from no longer expressing Pax2, MM cells were 

able to maintain a MM-like phenotype for 7 days of culture. The 

incapacity of MM cells to undergo expansion at P2 might be due to 

the inability of the cells to maintain a MM-like phenotype when 

cultured beyond P1. 

The inability of MM cells to undergo long term growth may also be 

due to a downregulation of the MM-specific gene Sall1, which 

occurs at passage 2. The expression of Sal/1 is required for 

normal kidney development. Nishinakamura and Takasato 

observed that in E11.5 Sal/1-null embryos the metanephric 

mesenchyme develops, but the ureteric bud fails to invade the 

metanephric blastema, resulting in kidney agenesis or severe 

dysgenesis in the progeny (Nishinakamura and Takasato, 2005). 

The gene expression profile shows that Sall1 appeared to be 

downregulated in MM cells at passage 2 compared with freshly 

propagated MM cells and MM cells at passage 1. The 

. downregulation of Sall1 may represent another factor that 

determined the failure of MM cells to undergo further expansion 

after one passage and 7 days of culture. 
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Finally, RT-PCR showed that the UB markers Ret and Hoxb7 and 

the epithelial marker Tjp1 were present in both freshly isolated and 

cultured MM cells. Although particular care was taken to isolate 

the intact UB from the MM, it might still be possible that a small 

number of UB cells remained inside a diligently cleaned MM after 

completing the dissection procedure. These UB cells might 

therefore be accountable for the presence of Ret, Hoxb7 and Tjp1 

transcripts detected in freshly isolated and cultured MM cells. 

However, it is believed that the presence of few UB cells within the 

MM did not stimulate MM cells to undergo induction, as the 

expression of Pax2, which is expected to increase following 

induction, was never detected following 2 days in culture. The use 

of Hoxb7-GFP transgenic mouse (Bush et aI., 2006) would 

represent an ideal solution to avoid the presence of UB fragments 

inside the dissected metanephric mesenchyme. 

131 



CHAPTER 4 



Chapter 4 

Investigating the nephrogenic potential of mouse 

metanephric mesenchyme 

4.1 Introduction 

In chapter 3 it was shown that metanephric mesenchyme (MM) 

cells, isolated form E11.5 mouse embryos, could be expanded in 

culture by approximately 15-fold in 7 days when cultured on tissue 

culture plastic dishes in MM medium supplemented with 25 ng/ml 

BMP7 and 100 ng/ml FGF2. In addition, MM cells were able to 

maintain a metanephric mesenchyme-like phenotype during this 

period, as demonstrated by the expression of several MM-specific 

markers, such as Wt1, Osr1, Sa1l1, Gdnf and Vim. 

In the second part of this work it became important to investigate 

whether the culture conditions developed allowed MM cells to 

retain the ability to undergo induction and form nephron-like 

developing structures in the presence of heterologous inducing 

stimuli. 

The natural inducer of the MM in the developing embryo is the 

ureteric bud (UB). As illustrated in section 1.1.2.3, in the 

developing metanephros each tip of the UB stimulates the 

surrounding MM to undergo mesenchymal-to-epithelial transition 

and form pretubular aggregates, a process which leads to the 

establishment of a functional nephron (Saxen, 1987; Kuure et aI., 

.2007). 

During the last sixty years several studies have shown that the 

freshly isolated, uninduced - metanephric mesenchyme can 

undergo tubulogenesis when recombined in transfilter culture with 
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embryonic tissues. In a pioneering experiment Grobstein 

demonstrated that E11.0 isolated MM could undergo 

tubulogenesis when cultured in transfilter culture with the ureteric 

bud or a heterologous inducer such as the embryonic spinal cord 

(SC) (Grobstein, 1953; Grobstein, 1955). Since then, due to its 

larger size SC has become the most commonly used inducer of 

the metanephric mesenchyme in experimental tubulogenesis. In 

the presence of SC pretubular aggregates containing polarized 

cells become visible as early as the second day of culture within 

the induced MM. As later described by Saxem, these aggregates 

can further develop into renal vesicles, which give rise to tubular 

epithelial structures (Saxem, 1987). However, following induction 

with SC the tubulogenesis usually arrests at the comma-shaped 

body stage, and very few regular S-shaped bodies are able to 

form (Saxen, 1987). This limitation has been in part overcome by 

Dudley and co-workers: these authors demonstrated that in the 

presence of BMP7 and FGF2, SC-induced MM was able to give 

rise to more developed renal tubules and form primitive glomeruli 

(Dudley et aI., 1999). 

In the original Grobstein's assay the mesenchyme and the inducer 

were separated by a Millipore filter placed upon a metal grid 

(Grobstein, 1953). Millipore filters were later replaced by 

Nucleopore membrane filters, characterized by a more uniform 

pore size (Wartiovaara et aI., 1972). In this system, it has been 

established that induction is dependent upon cell-cell contact 

between the SC and MM cells, rather than paracrine factor. In fact, 

. it was demonstrated that tubulogenesis did not take place when 

membrane filter with pore size of 0.1 ~m or less were used, as 

cell-cell contacts could not be established between the MM and its 
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inducer (Wartiovaara et aI., 1974; Saxen et aI., 1976, Saxen, 

1987). 

Davies and Garrod provided evidence that lithium chloride elicited 

an inductive effect on mouse metanephric mesenchyme. When 

incubated with 15 mM LiCI the uninduced MM was able to begin 

nephrogenesis; however, these authors noticed that LiCI exerted a 

weaker inductive effect than spinal cord, as the nephrogenic 

process stalled at the comma-shaped body stage (Davies and 

Garrod, 1995). 

Several studies have suggested that members of the Wnt family of 

secreted glycoproteins play a mayor role in the induction of the 

MM. Herzlinger and colleagues demonstrated that freshly isolated 

MM can undergo induction when cultured in the presence of a 

layer of NIH3T3 cells expressing Wnt1. This gene is not present in· 

the kidney but it is normally expressed in the dorsal spinal cord 

(Herzlinger et aI., 1994). Further evidence about the involvement 

of Wnt Signaling in the induction of the metanephric mesenchyme 

was reported in a study published by Kispert and colleagues. This 

group showed that the isolated metanephric mesenchyme 

undergoes tubulogenesis when cultured in transfilter culture on a 

layer of cells stably expressing Wnt4, a factor which is present in 

pretubular mesenchyme cells. They also showed that Wnt4 signal 

could be replaced by other Wnt factors, namely Wnt3a, Wnt7a and 

Wnt7b, all of which are expressed in the spinal cord (Kispert et aI., 

1998). 

Although Wartiovaara (Wartiovara et aI., 1974) and Saxen (Saxen 
-

et aI., 1976) demonstrated that soluble factors released from the 

inducer could not initiate tubulogenesis in mouse MM, Barasch 
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and co-workers demonstrated that transient exposure to leukemia 

inhibitory factor (LlF), released by the UB, can trigger 

nephrogenesis in isolated E13.0 rat mesenchyme. The induced 

tissue was able to undergo mesenchymal-to-epithelial transition, 

develop renal tubules with the appearance of comma and S­

shaped body, and give rise to primitive glomeruli (Barasch et aL, 

1999). 

Several reports have indicated that the canonical Wnt pathway 

and cytosolic ~-catenin play a central role in the induction of the 

metanephric mesenchyme. In the absence of Wnt signaling 

cytosolic ~-catenin is continuously phosphorylated at its N-terminal 

domain by glycogen synthase kinase-3~ (GSK-3~), then 

ubiquitinated and targeted for proteasomal degradation. When, on 

the other hand, Wnt signaling is present it activates the 

FZD/LRP/DLV (Dishevelled) complex which inhibits the ~-catenin 

degradation complex (Schmidt-Ott and Barasch, 2008). As result 

~-catenin accumulates in the cytoplasm, then translocates to the 

nucleus where it activates transcription factors of the TeF/Lef 

family involved in nephron formation (Fig. 359 (Kuure et aI., 2007; 

Park et aL, 2007; Schmidt-Ott et aL, 2007). These studies have 

suggested that renal tubulogenesis is triggered by Wnt9b, a 

glycoprotein secreted by the UB. Wnt9b activates Wnt4 which is 

expressed in metanephriC mesenchyme and pretubular 

aggregates of the metanephriC mesenchyme following induction 

(Park et aL, 2007; Schmidt-Ott and Barasch, 2008). 
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Figure 35. Schematic representation of the canonical Wnt signaling pathway. In 

the absence of Wnt signaling the cytosolic ~-catenin is phosphorylated by GSK-

3~ and targeted for proteasomal degradation. In the presence of Wnt signaling 

cytosolic ~-catenin accumulates within the cytoplasm, then translocated to the 

nucleus where activates reF/Let family of transcription factors involved in 

nephron formation (Kuure et aI., 2007). GSK-3~ can be inactivated using a 

synthetic GSK-3 inhibitor (BIO) (Adapted from Mikesch et aI. , 2007). 

It has been suggested that both Wnt9b and Wnt4 act through 

cytosolic p-catenin, as genetic stabilization of p-catenin led to 

mesenchymal induction in Wnf9b-l
- and Wnf4-1

- mouse embryo 

(Park et aI., 2007). More recently Kuure and co-workers provided 

further evidence for a role of the downstream effectors of Wnt 

signaling in the induction of the metanephric mesenchyme. These 

authors illustrated that it is possible to induce tubulogenesis in 

isolated metanephric mesenchyme by transient inactivation of 

GSK-3p using a synthetic GSK-3 inhibitor (BIO) (Fig. 35). In 

addition it was shown that genetic stabilization of p-catenin leads 

to the spontaneous formation of developing nephron-like 
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structures in isolated metanephric mesenchyme (Kuure et aI., 

2007). 

Beside the Wnt signalling pathway, the Notch Signalling pathway 

plays a critical role during kidney development, as it regulates the 

proximal and distal fate of forming nephrons. Notch genes codify 

for single transmembrane receptors that mediate short-range 

communication between adjacent cells (Cheng et aI., 2007). The 

Notch pathway influences cell proliferation, differentiation and 

apoptosis at all developmental stage (Artavanis-Tsakonas et aI., 

1999), is involved in maintaining a self-renewing state in stem cells 

isolated from different sources and in adult mice is involved in 

tissue maintenance and repair (Challen et aI., 2006). Following the 

binding with its ligand, the Notch receptor undergoes two 

proteolytic cleavages that release the intacellular domain of Notch 

(NICO). The intracellular domain, which represents the active form· 

of the Notch receptor, translocates to the nucleus where it binds 

with the protein RBP-JK and activates the transcription of its 

target genes (Cheng et aI., 2007; Piggott et aI., 2011). Kobayashi 

and colleagues provided evidence that the Notch pathway plays 

an important role in the proximodistal patterning of the S-shaped 

body, as it determines the formation of proximal tubules, 

capillaries and glomerular podocytes (Kobayashi et aI., 2005). It 

has been shown that in Notch2 null heterozygous mice the 

glomerular and proximal segments of the nephron do not form, 

whereas the more distal part and the collecting duct could develop 

normally (Cheng et aI., 2007). More recently, Fujimura and 

. colleagues provided new insights into the role of Notch2 in the 

specification of the proximal fate of developing nephrons. Using a 
-

transgenic strategy in which Notch2 was activated in Six2-positive 

nephron progenitors of the MM, these authors demonstrated that 
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the over-expression of Notch2 caused Six2-positive nephron 

progenitor cell depletion, ectopic expression of Wnt4 and 

premature tubular formation. On the basis of their results, Fujimura 

and co-workers suggested the existence of a positive feedback 

loop between Notch2 and Wnt4 in which the former regulator, 

once activated, induced the expression of Wnt4 which in turn 

accelerates tubular differentiation of nephron precursors and 

inhibits their reversion to the undifferentiated condition (Fujimura 

et aI., 2010). 

The first part of this chapter will investigate the ability of in vitro 

cultured MM to become induced and undergo tubulogenesis 

following stimulation with embryonic spinal cord (SC) and a GSK-3 

inhibitor (810) in transfilter culture. The induction process was 

assessed by immunostaining for Wt1, Pax2, calbindin and laminin. 

The expression of Wt1 is expected to increase dramatically after 

mesenchymal condensation and induction, particularly in the 

developing podocytes within the nascent glomeruli (Donovan et 

aI., 1999). Laminin is also a useful indicator for the induction 

because following mesenchymal condensation MM cells deposit a 

basement membrane at their basal surface, which can be detected 

by lam in in immunostaining. Calbindin is a marker for ureteric bud 

and distal convoluted tubules, and is expected to be expressed 

within the induced MM due to the presence of developing distal 

segments of the nephrons (Georgas et aI., 2008). Pax2 expression 

is low in uninduced MM, but the expression level increases 

following MM induction (Torban et aI., 2006). 

One of the crucial points of this work was to investigate whether 

MM cells could maintain a nephrogenic potential following in vitro 

culture and participate in the formation of kidney structures. 
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Unbekandt and Davies developed a protocol in which 

disaggregated embryonic kidney rudiments formed organotypic 

renal structures following reaggregation and culture in transfilter 

culture. These authors showed that the reaggregated tissues 

could develop nephron-like structures and distal tubules that 

displayed both normal morphology and expression of 

characteristic markers (Unbekandt and Davies, 2010). Since the 

method easily allows the formation of chimeras by simply mixing 

reaggregated kidney rudiments with a given cell population, in this 

study it was elected to adopt this protocol to investigate the in vitro 

nephrogenic potential of MM cells. If MM cells retained a 

nephrogenic potential, then it would be expected that they would 

be able to participate in nephrogenesis. 

In the present study the nephrogenic potential of MM cells 

following 4 days of in vitro culture was explored by recombination 

with E11.5 reaggregated kidney rudiments; furthermore, the ability 

of cultured MM cells to integrate into nephron-like developing 

structures was compared with that of freshly isolated MM, as the 

latter population would represent a positive control for the 

integration. 

In order to track MM cells within the chimera, it was decided to 

label these cells with quantum dots (QD). QD are highly 

fluorescent nanocrystals that are greatly resistant to 

photobleaching (Solanki, 2008). The uptake of QD does not 

involve an enzymatic mechanism, as the internalization occurs 

.. through a targeting peptide that covers the surface of the 

nanocrystals. Once internalized, QD appear to be localized inside 

cytoplasmic vesicles (Rosen -et aI., 2007). According to the 

manufacturer (Invitrogen) and Rosen and colleagues (Rosen et 
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aI., 2007), aD can be inherited by daughter cells for several 

generations. It has also been demonstrated that aD do not affect 

cell proliferation, viability and differentiation capacities. Besides, it 

was shown that, following internalization, aD are not transferred to 

adjacent cells (Rosen et aI., 2007; Invitrogen). Rosen and 

colleagues demonstrated that QD could be used to track individual 

human mesenchymal stem cells (hMSC) for up to 8 weeks 

following implantation into canine ventricles. These authors also 

demonstrated that aD were not uptaken by canine cells following 

hMSC lysis (Rosen et aI., 2007). Due to their properties and the 

ease and rapid labelling protocol, in this Thesis it was decided to 

use aD to label freshly isolated and cultured MM cells with the aim 

of tracking them within the chimera. 

Immunostaining for Wt1 and laminin will be used to identify 

developing nephron-like structures. Pax2 was chosen to mark the 

induced metanephric mesenchyme and to assess whether MM 

cells could express this transcription factor following chimera 

formation. 

4.2 Results 

4.2.1 Investigating the abilitv of cultured MM cells to undergo 

induction using Grobstein's assay 

In order to investigate whether MM cells following in vitro culture 

retain their ability to undergo induction, MM cultured for 24 hours, 

·48 hours and 72 hours under the conditions previously described 

(see section 3.2.1) were assessed for their ability to undergo 

induction using Grobstein's assay. 
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During the dissection procedure particular care was taken to tease 

away the intact US from the MM. In addition, before starting the 

stimulation with the inducer, the MM was carefully examined in 

order to make sure that no US fragments were still present within 

the mesenchyme. The results showed that after 72 hours of co­

culture with the spinal cord, freshly isolated metanephric 

mesenchyme had undergone induction, as the staining for Wt1 

revealed that developing glomeruli were present (Fig. 36, plain 

arrow). Furthermore, the staining for laminin showed the presence 

of basement membranes (Fig. 36, dotted arrow), confirming that 

the induction had taken place, as basement membranes were 

deposited on developing epithelial structures. The staining also 

showed the presence of calbindin, which suggested that distal 

convolute tubules had started forming (Fig. 36, blue arrow). The 

staining for Pax2 had a poor quality (Fig. 36 and Fig. 37), most 

likely because these images were not taken with a confocal 

microscope. Therefore, the expression of Pax2 within the induced 

MM will have to be further investigated. 

The MM cultured without inducer did not express any of the 

markers assayed (Fig. 39). 

Metanephric mesenchyme cultured for 24, 48 and 72 hours was 

then stimulated with spinal cord to undergo induction. Cultured 

MM cells retained the potential to undergo complete induction after 

24 hours of culture: several developing glomeruli had started 

forming, extracellular laminin was present, and some renal tubules 

had started developing (Fig. 37). 
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Figure 36. Induction of freshly isolated metanephric mesenchyme (MM) with embryonic spinal cord (SC). Metanephric mesenchyme was 

stained for Wt1 , laminin, calbindin and Pax2. After 72 hours of stimulation with SC freshly isolated MM presented some immature glomeruli 

(plain arrow), basement membranes (dotted arrow) and started developing renal tubules (blue arrow). Scale bar: 100J.lm. 
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Figure 37. Induction of 24 hours cultured metanephric mesenchyme (MM) with embryonic spinal cord (SC). Following 72 hours of stimulation 

with SC, 24 hours cultured MM developed immature glomeruli (plain arrow), presented basement membranes (dotted arrow) and started 

forming renal tubules (blue arrow). Scale bar: 100llm. 
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Figure 38. Induction of 48 hours cultured metanephric mesenchyme (MM) with embryonic spinal cord (SC). Following 48 hours in culture, MM 

cells partially lost the ability to be induced by the spinal cord as neither primitive glomeruli, nor basement membranes were found . However, 

calbindin staining revealed the presence of developing nephron distal segments (blue arrow). Dotted line separates the MM from the SC. Scale 

bar: 1OOllm. 
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Figure 39. Freshly isolated metanephric mesenchyme cultured without spinal 

cord did not undergo induction (Control) . Scale bar: 100l-lm. 

After 48 hours of culture the MM was hardly visible and it became 

no longer possible to place the SC underneath it. It was then 

decided to stimulate 48 hours and 72 hours MM by juxtaposing the 

spinal cord directly to the mesenchyme. The results showed that 

after 48 hours of culture the mesenchyme seemed to partially lose 

the ability to respond to spinal cord stimulation, as just a few 

structures positive for calbindin were found (Fig . 38, blue arrow), 

but neither developing glomeruli, nor the basement membrane 

formed (Fig. 38). After 72 hours of culture the mesenchyme 

completely lost the ability to undergo induction, as none of the 

markers assayed were found (data not shown). 

MM cells cultured for 24, 48 and 72 hours in the absence of spinal 

cord behaved similarly to freshly isolated MM (Fig . 39) and neither 

underwent induction nor expressed markers for ureteric bud cells 

(data not shown). 
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4.2.2 Investigating the ability of cultured MM cells to undergo 

induction following BIO incubation 

As introduced in section 4.1, several works have provided 

evidence that Wnt signaling and the canonical pathway are 

involved in MM induction (Herzlinger, 1994; Kispert et aL, 1998; 

Kuure et aL, 2007; Park et aL, 2007). Because Pax2 activates the 

expression of Wnt4 both in vitro and in vivo, as demonstrated by 

Torban and colleagues (Torban et aL, 2006), it was hypothesized 

that MM cells failed to undergo induction following 72 hours of 

culture because of the lack of Pax2 expression, which occurred 

after 2 days of culture (see section 3.2.3 and section 3.2.4). 

One of the downstream targets of Wnt signaling in the canonical 

pathway is represented by the cytosolic B-catenin, which activates 

Tcf11Lef1 family of transcription factors that are involved in the 

tubulogenesis of the metanephric mesenchyme (Kuure et aL, 

2007, Schmidt-Ott and Barasch, 2008). In order to bypass the lack 

of Pax2 expression and mimic the presence of Wnt signaling, it 

was decided to transiently incubate cultured MM cells with a 

synthetic GSK-3 inhibitor (BIO). The rationale for incubating MM 

cells with BIO was that if the lack of induction was due to the 

absence of Pax2 expression, which in turn was required for Wnt 

signaling, then the specific inhibition of GSK-3p would restore the 

canonical pathway and allow the metanephric mesenchyme to 

undergo induction (Fig. 35). 

MM cells cultured up to 72 hours in MM medium supplemented 

.. with 25 ng/ml BMP7 and 100 ng/ml FGF2 were transiently 

incubated with 5 /-lM BIO, then the inhibitor was withdrawn and the 

sample subcultured for a further three days (see section 2.2.6 for 
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details). The strategy adopted to stimulate MM cells with 810 is 

shown in Figure 15 (chapter 2). Freshly isolated MM was used as 

a positive control for the induction. In accordance with Kuure and 

co-workers, the culture medium was supplemented with 50 ng/ml 

FGF2 (Kuure et aI., 2007). The presence of induction was 

assessed by immunofluorescence staining for Wt1, laminin, Pax2 

and calbindin. 

The results showed that in the transient presence of 810 freshly 

isolated MM had undergone induction, as two early aggregates 

positive for Wt1 and laminin had started forming (Fig. 40, plain 

arrow and dotted arrow, respectively). Moreover, the mesenchyme 

had started developing several distal convolute tubules (Fig. 40, 

blue arrow). Control samples cultured without the inhibitor did not 

present any sign of induction (Fig. 43). In addition, many cells 

within the uninduced mesenchyme were able to retain Wt1 

expression, as Figure 43 shows. Metanephric mesenchyme cells 

cultured for 24 and 48 hours were able to undergo induction 

following 810 inCUbation (Fig. 41 and Fig. 42, respectively). 

Additionally, it was noticed that 810 exerted a stronger effect than 

spinal cord on metanephric mesenchyme cultured longer than 24 

hours: it was observed that several glomeruli and distal convoluted 

tubules had started developing, and basement membrane had 

started depositing. Indeed, the staining for Pax2 was not quite 

convincing (Fig. 40 through Fig. 42), therefore the use of a 

confocal microscope would help to determine whether Pax2 was 

expressed within the metanephric mesenchyme following 810 

. incubation. Control samples did not present any sign of 

tubulogenesis (data not shown). The results demonstrated that 72 
-

hours cultured MM cells failed to undergo induction, as none of the 

markers assayed were expressed (data not shown). 
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Figure 40. Induction of freshly isolated metanephric mesenchyme with 5 J..lM BIO. Metanephric mesenchyme was stained for Wt1 , laminin , 

calbindin and Pax2. The induction had taken place, as evidenced by the presence of early condensed mesenchyme (plain arrow), basement 

membranes (dotted arrow) and developing renal tubules (blue arrow). Scale bar: 100J..lm. 
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Figure 41. Induction of 24 hours cultured metanephric mesenchyme with 5 11M 810. Following 24 hours in culture, the MM was able to undergo 

induction and form primitive glomeruli (plain arrow) and basement membranes (dotted arrow), and started developing renal tubules (blue 

arrow). Scale bar: 100l1m. 
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Figure 42. Induction of 48 hours cultured metanephric mesenchyme with 5 J.lM BIO. Following 48 hours in culture, the MM could undergo 

complete induction, as shown by the presence of immature glomeruli (plain arrow), basement membranes (dotted arrow), and developing renal 

tubules (blue arrow). Scale bar: 100J.lm. 
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Figure 43. Freshly isolated metanephric mesenchyme cultured in the absence 

of BIO (Control) did not undergo induction. Scale bar: 100f,lm. 

In order to investigate if MM cells could undergo tubulogenesis 

when cultured for more than 48 hours, it was decided to incubate 

60 hours cultured MM cells with BIO. The results indicated that 

MM cells seemed to lose the ability to become induced when 

cultured longer than 2 days, as the specimens did not express any 

of the markers assayed (data not shown). 

In summary, the results showed that MM cultured up to 48 hours 

in transfilter culture in MM medium supplemented with 25 ng/ml 

BMP7 and 100 ng/ml FGF2 was able to undergo induction and 

form developing nephrons and renal tubules following transient 

incubation with 5 !J.M BIO. The induction was confirmed by the 

presence of developing glomeruli, expressing Wt1, and the 

formation of renal tubules, positive for calbindin. In addition, the 

samples had started depositing basement membranes around 

developing epithelial structures (Fig. 40 through Fig . 42). SC is 

capable of inducing tubulogenesis in MM cultured up to 48 hours; 

however, it appears to exert a weaker inductive effect than BIO, as 

48 hours cultured MM stimulated with SC had started forming the 

distal part of the nephrons but no developing glomeruli were 

present (Fig. 38). 
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4.2.3 Investigating the in vitro nephrogenic potential of MM 

cells 

In the previous section it was shown that metanephric 

mesenchyme cultured up to 48 hours retains the ability to undergo 

induction and forms nascent glomeruli and renal tubules following 

transient incubation with the glycogen synthase kinase-3 inhibitor 

BID. Furthermore, it was observed that the proportion of distal 

tubules to nascent glomeruli appeared greater following induction 

with BIO compared to spinal cord (Fig. 40 through Fig. 42). 

However, the mesenchyme seemed to lose the ability to undergo 

induction when cultured longer than 48 hours in transfilter culture. 

In the present study it was also important to elucidate whether MM 

cells could maintain the capability to participate in nephrogenesis 

following long-term in vitro culture. Since MM cells following 96 

hours of in vitro culture were still able to undergo expansion and 

retain a MM-like phenotype when cultured on tissue culture dish 

(see chapter 3), in the present study it was decided to investigate 

the nephrogenic potential of these cells. As anticipated in section 

4.1, the chimera formation assay, recently described by 

Unbekandt and Davies (Unbekandt and Davies, 2010), was used 

to investigate the in vitro nephrogenic potential of cultured MM 

cells. 

The detailed procedure followed to generate and culture chimeras 

is explained in section 2.2.8. Briefly, following 4 days of in vitro 

culture MM cells were dissociated into a single cell suspension, 

labelled with 2.5 nM QTracker@ 655 Cell Labelling Kit (quantum 

. dots, QD) and mixed with reaggregated E11.5 kidney rudiments in 

a ratio of 1 :3. The specimens were cultured in transfilter culture in 

MM medium supplemented with 25 ng/ml BMP7 and 100 ng/ml 

FGF2. In addition, in order to enhance the survival of the 
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embryonic kidney cells following the disaggregation procedure, the 

specimens were incubated with Rho-kinase inhibitor Y27632 for 

24 hours (Unbekandt and Davies, 2010). After 3 days, the 

samples were stained for Wt1, Pax2 and laminin. Reaggregated 

kidney rudiments, without the addition of any exogenous cells , 

were used as control for the correct development of organotypic 

renal structures. 

Figure 44 shows that following three days of culture E11.5 

reaggregated kidney rudiments had started forming organotypic 

renal structures. Upregulation of Wt1 indicated that the 

metanephric mesenchyme had started to undergo induction and 

had given rise to renal vesicles (RV) and comma-shaped bodies 

(CB) (Fig. 44). 

Figure 44. E11 .5 reaggregated kidney rudiments could form organotypic renal 

structures after 3 days of culture. Immunofluorescence staining showed that the 

samples had started developing renal vesicles (RV) and comma-like shaped 

bodies (C8) positive for Wt1 (green). Laminin staining (red) showed the 

presence of basement membranes (8M) around the ureteric bud (U8) and 

developing nephrons. 
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The capacity of reaggregated kidney rudiments to give rise to 

organotypic renal structure was further confirmed by double 

immunostaining for Wt1 and Pax2. 

Figure 45. Immunofluorescence staining of E11 .5 reaggregated kidney 

rudiments showed the correct spatial expression of Wt1 (red) and Pax2 (green). 

The expression of Wt1 could only be detected within the induced MM, whereas 

Pax2 was present both in the ureteric bud (US) and the surrounding MM. 

The results illustrated that the expected spatial expression of Wt1 

and Pax2 took place: Wt1 was expressed within the induced MM 

(Fig. 45, MM), whereas Pax2 was present both in the ureteric bud 

(Fig. 45, US) and the surrounding metanephric mesenchyme. 

4.2.3.1 Recombination of freshlv isolated MM cells with E11.5 

reaggregated kidney rudiments 

Freshly isolated metanephric mesenchyme cells, labeled with QO, 

were recombined with E11.5 reaggregated kidney rudiments (see 

section 2.2.8.1). The results demonstrated that, as expected, 

freshly isolated MM cells (Fig . 46, arrows) displayed a 

nephrogenic potential, as they were able to integrate into Wt1-

positive nephron-like developing structures (Fig. 46, NO), but 

rarely into the ureteric bud (Fig. 46, US). 
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Figure 46. Immunostaining of freshly isolated MM cells labeled with quantum 

dots (red) and recombined with E11 .5 reaggregated kidney rudiments. Freshly 

isolated MM cells could integrate into nephron-like developing structures (ND) 

expressing Wt1 (green), but not into the ureteric bud (US) surrounded by 

laminin (blue). ST: stroma. 

Some QD-Iabelled MM cells were also found into the stromal 

compartment (Fig. 46, ST). 

Immunostaining and RT-PCR (see section 3.2.3 and section 3.2.4, 

respectively) assays demonstrated that MM cells lost the 

expression of Pax2 when cultured longer than 24 hours. In this 

work it was important to investigate whether freshly isolated MM 

cells could maintain the expression of Pax2 after recombination 

with E11.5 reaggregated kidney rudiments. Immunostaining for 

Pax2 demonstrated that following recombination with 

reaggregated kidney rudiments many of the freshly isolated MM 

cells maintained the expression of Pax2 (Fig. 47, arrows) . 
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Figure 47. Immunostaining for Pax2 (green) of QO-Iabelled freshly isolated MM 

cells (red) recombined with E11 .S reaggregated kidney rudiments. Several 

freshly isolated MM cells (arrows) could retain the expression of Pax2 after 

recombination with E11.S reaggregated kidney rudiments. 

4.2.3.2 Recombination of 4 days cultured MM cells with E11 .5 

reaggregated kidney rudiments 

It was assessed whether MM cells cultured for 4 days in MM 

medium supplemented with 25 ng/ml BMP7 and 100 ng/ml FGF2 

could retain a nephrogenic potential and participate in the 

formation of nephron-like developing structures after 

recombination with E11 .5 reaggregated kidney rudiments. The 

chimeras were cultured in MM medium in the presence of 5 /-lM 

GSK-3 inhibitor (BIO) for 48 hours and the culture period was 

extended to 4 days (see section 2.2.8.1 for details). Since BIO is 

able to activate the canonical Wnt signalling pathway (Kuure et aI., 

2007), it was hypothesized that the presence of BIO in the culture 

medium could stimulate cultured MM cells to form nephron-like 

developing structures. 

The results demonstrated that the culture conditions developed in 

section 3.2.1 allowed 96 hours cultured metanephric mesenchyme 

cells to retain a nephrogenic potential, as the cells (Fig. 48, 
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arrows) were still capable of integrating into nephron-like 

developing structures (Fig. 48, NO). In addition, similar to freshly 

isolated MM, cultured MM cells rarely integrated into the ureteric 

bud (Fig . 48, US). 

Figure 48. Immunostaining of 4 days cultured MM cells labeled with quantum 

dots (red) and recombined with E11 .5 reaggregated kidney rudiments. Cultured 

MM cells (arrows) were able to integrate into nephron-like developing structures 

(ND), but rarely into the ureteric bud (US). Wt1 (green) identified nephron-like 

developing structures, laminin surrounded the ureteric bud (blue). 

In section 4.2.3.1 it was shown that freshly isolated MM cells could 

maintain the expression of Pax2 after recombination with 

reaggregated kidney rudiments. To determine if 4 days cultured 

MM cells were able to re-express Pax2, the rudiment 

reaggregation assay was performed. The results demonstrated 

that the chimera environment could induce the re-expression of 

Pax2 in cultured MM cells (Fig. 49, arrows). 
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Figure 49. Immunostaining for Pax2 of cultured MM cells, labeled with quantum 

dots (red), recombined with E11.5 reaggregated kidney rudiments. The panel 

shows that some cultured MM cells (arrows) were able to re-express Pax2 

(green) following recombination with reaggregated kidney rudiments. 

4.2.4 Comparing the ability of freshly isolated and cultured 

MM cells to integrate into developing nephrons 

Freshly isolated MM cells and MM cells following 4 days of in vitro 

culture were capable of integrating into nephron-like developing 

structures but not into the ureteric bud. To determine the 

percentage of freshly isolated and cultured MM cells that 

integrated into nephron-like developing structures, the number of 

cells forming 7 randomly chosen nephron-like developing 

structures present in one chimera and the number of quantum 

dots-labeled MM cells present in each structure were quantified . 

The results, summarised in Table 13 and Figure 50 illustrate that 

the percentage of freshly isolated MM cells that integrated into 

nephron-like developing structures was 13.29% ± 0.72% (mean of 

three independent experiments) and the percentage of cultured 

MM cells that integrated into developing nephrons was 12.36% ± 

3.02% (mean of three independent experiments). Student's t-test 
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revealed that the differences in the integration ability of these two 

cell populations were not statistically relevant (P > 0.05). 

Table 13. Integration ability of MM cells. Mean and standard deviation (SD) of 

the percentages of freshly isolated (n=3) and cultured (n=3) MM cells, labeled 

with quantum dots, integrated into nephron-like developing structures. 

Freshly isolated MM cells 4-days cultured MM cells 

Mean ± SO 13.29% ± 0.72% 12.36%± 3.02% 

% 
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0...1..----
Freshly isolated MM 4 Days cultured MM 

Figure 50. Percentage of freshly isolated (n=3) and cultured (n=3) MM cells, 

labeled with quantum dots, integrated into nephron-like developing structures. 

Results demonstrated that the two cell populations showed a comparable ability 

of integration (Student's t-test: P > 0.05). Error bars indicate standard deviations 

of the means. 

In summary, the chimera formation assay demonstrated that both 

freshly isolated and cultured MM cells maintained a nephrogenic 

potential and were able to integrate into nephron-like developing 

structures following recombination with E11.5 reaggregated kidney 
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rudiments. The integrated cells expressed the MM-specific marker 

Wt1 and, importantly, could maintain or re-activate the expression 

of Pax2. Moreover, freshly isolated MM and cultured MM cells 

could integrate into nephron-like developing structures at a 

comparable ratio (Student's t-test, P > 0.05). 

4.3 Discussion 

In this chapter it was shown that MM cultured up to 48 hours in 

MM medium supplemented with 25 ng/ml BMP7 and 100 ng/ml 

FGF2 in transfilter culture maintained the ability to undergo 

induction and form developing glomeruli and renal tubules when 

transiently incubated with a GSK-3 inhibitor (BIO). The embryonic 

spinal cord (SC) could initiate tubulogenesis in 48 hours cultured 

MM; however, it appeared to exert a weaker inductive effect than 

BIO. 

The nephrogenic potential of freshly isolated and cultured MM 

cells was investigated using the chimera formation assay, which 

consisted of recombining MM cells, labeled with quantum dots, 

with E11.5 disaggregated kidney rudiments (Unbekandt and 

Davies, 2010). The reaggregated tissues developed organotypic 

renal structures displaying normal morphologies and the 

expression of characteristic renal markers. The results 

demonstrated that both freshly isolated and cultured MM cells 

retained a nephrogenic potential, as they were capable of 

. integrating at a comparable ratio into nephron-like developing 

structures, but not into the ureteric bud. Importantly, following 
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chimera formation, exogenous MM cells located within the 

developing nephrons could re-express Pax2. 

In this work it was hypothesized that the inability of MM cells to 

undergo induction when cultured for more than 2 days in transfilter 

culture was due to the lack of Pax2 expression, which occurred 

after 48 hours of culture. During mouse kidney development Pax2 

might act upstream of Wnt4 (Dressler, 2002). Moreover, Pax2 

activates the expression of Wnt4 both in vitro and in vivo. It is 

recognised that Wnt4 plays a crucial role in metanephric 

mesenchyme induction by activating the canonical Wntl~-catenin 

signaling pathway (Kispert et aI., 1998; Kuure et aI., 2007; Park et 

aI., 2007; Schmidt-Ott and Barasch, 2008). In this work it was 

decided to incubate cultured MM cells with BIO in order to mimic 

the presence of Wnt signaling, therefore restoring the canonical 

pathway and inducing tubulogenesis. The results showed that the 

response of the mesenchyme to BIO stimulation was only 

marginally better than the one following stimulation with spinal 

cord: following 48 hours of in vitro culture, MM could form 

developing glomeruli and renal tubules when incubated with BIO, 

whereas following co-culture with SC the mesenchyme failed to 

form developing glomeruli, although it was able to form a few 

structures that resembled the distal developing segments of the 

nephron. MM cultured longer than 2 days was not able to start 

tubulogenesis either following BIO incubation or co-culture with SC 

(data not shown). These results suggested that the presence of a 

Wnt4-like signal might not be sufficient to trigger tubulogenesis in 

MM cultured longer than 48 hours, and that other factors are likely 

required to induce nephrogenesis. The inability of MM cells to 
,-

undergo tubulogenesis when cultured longer than 2 days may be 

also due to the nucleopore membrane filter, which most likely does 
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not represent the ideal surface to culture the mesenchyme. In fact, 

it was noticed that after 48 hours of culture on the membrane filter 

the specimens were hardly visible, which suggests that a 

considerable amount of cells had detached from the filter or died. 

During kidney development, under normal circumstances, the 

proximal parts of the nephrons appear first, whereas the distal 

segments form later (Dorup and Maunsbach, 1982). Saxem 

demonstrated that MM stimulated with spinal cord for less than 24 

hours gave rise to the distal parts of the nephron without forming 

the proximal segments, whereas a longer incubation led to the 

formation of both proximal and distal segments (Saxen, 1987). In 

this work it was found that following stimulation with spinal cord, 

MM cultured for 48 hours failed to form glomerular-like structures, 

as evidenced by the lack of Wt1 expression and the absence of 

basement membrane deposition. However, calbindin staining 

revealed that distal segments of developing nephrons had started 

forming. Although a previous study showed that MM cultured for 

48 hours in transfilter culture in the presence of both BMP7 and 

FGF2 formed developing renal tubules and early glomeruli 

following stimulation with spinal cord (Dudley et aI., 1999), in my 

work it was not possible to replicate these results. 

The results showed that following transient incubation with BID 

freshly isolated and in vitro cultured metanephric mesenchyme 

could develop more calbindin-positive renal tubules compared with 

MM stimulated with SC. The presence of developing distal 

. segments of the nephrons in MM following BID incubation is in 

agreement with the findings reported by Kuure and co-workers. 

These authors demonstrated that following transient BID 

incubation the mesenchyme was able to form developing proximal 
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and distal tubules stained for Lotus tetragonolobus (L TA) lectin 

and Tamm-Horsfall glycoprotein, respectively. In addition, 

developing glomeruli expressing the podocyte marker podocin 

were found (Kuure et aL, 2007). As discussed in section 4.2, due 

to poor quality images, further immunostaining analysis performed 

with a confocal microscope might be required in order to ascertain 

whether Pax2 became expressed within the MM following SC or 

BID stimulation. 

Beside being a marker for distal convolute tubules (Georgas et aL, 

2008), calbindin is also a marker for ureteric bud epithelial cells 

(Unbekandt and Davies, 2010). Although meticulous care was 

always taken to separate the MM from the UB, and although the 

non-stimulated samples never expressed calbindin, thus indicating 

that a good isolation procedure was carried out, it cannot be 

completely ruled out that the calbindin-positive staining present 

within the induced MM might be due to the presence of ureteric 

bud-derived structures. However, another explanation might be 

taken into account. When the metanephric mesenchyme is 

stimulated by the spinal cord to undergo tubulogenesis in 

transfilter culture, it appears to contribute for up to 3% to the 

formation of the developing renal collecting system (Qiao et aL, 

1995). Nevertheless, the possibility that the calbindin-positive 

structures I observed within the induced MM were of ureteric bud 

origin might be excluded, as a more recent in vivo cell-fate 

analysis documented the absence of MM cell recruitment for the 

formation of the ureteric epithelium (Kobayashi et aL, 2008). 

As explained in section 4.1, the proximal and distal fate of the 

nephrons is regulated by the Notch signalling pathway (Cheng et 

aL, 2007). It has also been demonstrated that Notch signaling 
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requires direct cell-cell contact (Jeffries and Capobianco, 2000). 

On the basis of the results presented in my work, I speculate that 

following BIO stimulation the absence of direct cell-cell contact 

between the mesenchyme and its inducer led to a downregulation 

of Notch signaling which promoted the formation of more distal 

renal tubules and partially inhibited the development of glomeruli 

and proximal segments of the nephron. This speculation might be 

tested by determining the level of the activated form of Notch2 

receptor in freshly isolated MM by western blotting, using an 

antibody specific for the intracellular form of this receptor. The 

expression level will then be compared with the levels of 

intracellular Notch2 receptor in BIO-incubated and SC-stimulated 

MM. 

The chimera formation assay revealed that MM cells cultured for 4 

days retained a nephrogenic potential and could integrate into 

developing nephrons at a comparable ratio with freshly isolated 

MM. Freshly isolated and cultured MM cells were rarely found into 

the ureteric bud. This evidence is consistent with the fact that 

during development the metanephric mesenchyme gives rise to all 

cell types present in the adult nephron, but none of the ureteric 

bud-derived structures (Kobayashi et aI., 2008). Importantly, 

following recombination with E11.5 reaggregated kidney rudiments 

both freshly isolated and cultured MM cells were able to express 

Pax2 for several days, whereas the expression of this transcription 

factor was lost in MM cells cultured for more than 24 hours, as 

illustrated in section 3.2.3 and section 3.2.4. These findings 

. suggest that ureteric bud-derived factors might be required to 

induce the expression of Pax2 in the mesenchyme. 
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It might be worth taking into account that the results presented in 

this section might be influenced by events of cell-cell fusion that 

occurred between MM cells and kidney rudiment cells. Cell-cell 

fusion is a process which occurs normally in vertebrate. For 

instance, fusion between the sperm and egg marks the very first 

event in mammalian development. Besides, cell-cell fusion 

between myoblasts generates multinucleated skeletal myofibers. 

The mechanism of cell-cell fusion is also involved in 

patophysiological conditions, such as the formation of 

granulomatous tissue in response to inflammation (Wagers and 

Weissman, 2004). Several works have documented the 

occurrence of cell-cell fusion in vitro involving stem/progenitor 

cells. Bone marrow-derived cells and progenitor cells of the central 

nervous system can spontaneously fuse in vitro with embryonic 

stem cells (Terada et aI., 2002; Ying et aI., 2002). Using a 

Cre/loxP transgenic strategy, Alvarez-Dolado and colleagues 

demonstrated that these two cell populations fuse spontaneously 

in vitro. Additionally, following bone marrow transplantation, these 

authors documented that bone marrow-derived cells were able to 

fuse in vivo with hepatocytes, Purkinje neurons in the brain, and 

cardiomyocytes (Alvarez-Dolado et aI., 2003). More recently, it 

was demonstrated that mouse or rat neural stem cells (NSC), 

cultured in monolayer or as neurospheres, can undergo 

spontaneous fusion at a frequency of approximately 0.2%. 

However, it was also documented that fused cells were not able to 

divide, could not be propagated in culture and died soon after the 

fusion event (Jessberger et aI., 2007). If cell-cell fusion arose 

between MM cells and kidney rudiment cells within the chimera, I 

would expect that some cells of the former cell population ended 

up labelled with QD due to the fusion of their cytoplasm with that 

of MM cells. Although I cannot rule out the occurrence of cell-cell 
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fusion within the chimera, even among a very small number of 

cells, in this Thesis there are no data that could support or oppose 

the existence of cell-cell fusion events. 

The chimera formation assay also showed that several freshly 

isolated and cultured MM cells remained in the stroma. The 

stroma of the developing kidney neither contains ureteric bud 

structures, nor gives rise to developing nephrons. However, an 

increasing amount of evidence suggests that the stroma may play 

an important role during nephrogenesis. For instance, in the 

developing mouse kidney, Foxd1 positive stromal cells appear in 

the nephrogenic zone as the ureteric bud invades the metanephric 

mesenchyme (Cullen-McEwen et aI., 2005). Hatini and colleagues 

demonstrated that Foxd1 null embryos exhibit ectopic 

mesenchymal condensates, reduced ureteric bud branching and 

inhibited mesenchymal-to-epithelial (MET) transition (Hatini et aI., 

1996). These findings suggest that stromal cells expressing Foxd 1 

are essential for MET and appropriate kidney development. 

Using a transgenic strategy to fate map Wnt4-expressing cells in 

the developing mouse metanephros, Shan and colleagues 

demonstrated that the first presumptive nephrons of the 

developing kidney appeared to be only vestigial as they 

degenerated shortly after formation; the tissue derived from these 

vestigial nephrons accumulated within the stromal compartment 

(Shan et aI., 2010). It might be hypothesized that quantum dots­

labeled MM cells present in the stromal domain of the chimera 

may be a remnant of the early developing nephrons that 

underwent degeneration and accumulated within the stroma. 

These cells may still playa role in the correct development of renal 
-

structures. However, it is also possible that some QD-Iabelled MM 

cells present within the stroma did not participate in the formation 

167 



Chapter 4 

of developing nephrons because, during the formation of the 

chimera, they were not close enough to the developing ureteric 

bud to become induced and undergo nephrogenesis. 
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Characterization of the kidney-derived stem cell H6 

clonal line 

5.1 Introduction 

Recent studies from several groups have suggested the presence 

of stem/progenitor cells in adult kidney. As already explained in 

section 1.3.2.1, these cells have been found in different niches of 

the rodent kidney, such as the interstitium of the papilla (Oliver et 

aL, 2004; Dekel et aL, 2006; Oliver et aL, 2009), the interstitium of 

both medulla and papilla (Lee et aL, 2010) and in proximal tubules 

(Challen et aL, 2006; Gupta et aL, 2006). In addition, renal 

stem/progenitor cells have been isolated from the renal cortex 

(Bussolati et aI., 2005) and the Bowman's capsule (Sagrinati et aL, 

2006; Ronconi et aL, 2009) of adult human kidney (see section 

1.3.2.2). 

Despite these and other studies (see section 1.3.2), the ability of a 

single kidney stem/progenitor cell population to generate all cell 

types present in the mature nephron still remains to be seen. 

The length of nephrogenesis varies among different mammalian 

species. While in human and sheep nephron formation is 

completed during intrauterine life, in rodents such as in mouse and 

rat, nephrogenesis continues until postnatal day (P) 7 and P10, 

respectively (Dickinson et aI., 2005). It has also been 

demonstrated that at birth each mouse kidney contains 

approximately 70% of the 11000 glomeruli present in the adult 

kidney (Cebrian et aL, 2004). These studies strongly suggest that 

the postnatal mouse kidney may contain a considerable number of 

stem/progenitor cells that under normal circumstances are 

170 



Chapter 5 

committed to give rise to the complete endowment of nephrons 

present in the adult organ. Some of these cells may remain in an 

undifferentiated state as the animal ages, thus giving rise to adult 

stem/progenitor cell populations that can be found in the mature 

kidney. It is conceivable that if such progenitor cells exist, they 

may be isolated from postnatal mouse kidney in greater numbers 

than from the adult organ. This makes the postnatal mouse kidney 

an attractive organ where stem/progenitor cell populations may be 

found. 

One of the main aims of this work was to compare the expression 

profile and the nephrogenic potential of in vitro expanded 

metanephric mesenchyme cells with that of a clonal line of kidney­

derived stem cells (KSC). As already stated in section 1.3.2.1, 

KSC were isolated from postnatal mouse kidney by Dr Cristina 

Fuente Mora (University of Liverpool). One of the crucial 

properties of stem cells is clonogenicity, which represents the 

ability of a single cell to form a colony of identical cells that then 

gives rise to a range of differentiated phenotypes of the tissue in 

which it resides. It was demonstrated that a clonal line derived 

from the KSC population, named clone H6 and expressing the 

renal marker Wt1, displayed features of stem cells, as it showed 

limitless proliferative capacity and could spontaneously generate 

renal-like cell types in culture (Fuente Mora, 2009). 

In this work it was hypothesized that the H6 clonal line might 

represent a MM-like stem cell population resident in the postnatal 

mouse kidney. In order to investigate this assumption, the 

expression of key metanephric mesenchyme-specific genes was 

explored in H6 cells and their expression profile compared with 

those of freshly isolated MM and MM cells following in vitro 
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culture. The presence of surface markers for stem cells was 

investigated in the H6 cell population by flow cytometry. In 

addition, it was important to explore whether H6 cells were able to 

generate renal cells in culture, such as podocytes and proximal 

tubule cells. Podocytes (or glomerular visceral epithelial cells) are 

highly specialized, quiescent cells present in the Bowman's 

capsule of the glomerulus with the task of filtering the blood. 

Podocytes are polarized, often binucleated cells characterized by 

a voluminous cell body, an arborized morphology and foot 

processes that form a size barrier and charge barrier to proteins, 

secrete VEGF and maintain the glomerular loop shape 

(Shankland, 2006; Shankland et aI., 2007). Since mature 

podocytes are post-mitotic cells, these cells can only be 

propagated in culture by generating immortalized cell lines which 

have showed high proliferative capacity when cultured under 

permissive conditions (Mundel et aI., 1997). Podocytes are of 

critical importance in the development of kidney diseases: it is 

known that podocyte depletion secondary to infection, genetic, 

immune and toxic mechanisms can result in glomerulonephritis, 

which can lead to end-stage renal disease (ESRD), a condition in 

which kidneys are no longer functional and dialysis or 

transplantation are required (Ronconi et aI., 2009; Murray et aI., 

2010). Kidney proximal tubules are of great importance for the 

normal homeostasis of the body, as they mediate the reabsorption 

of water and many solutes present in the glomerular ultrafiltrate 

(Christensen and Gburek, 2004, Kobayashi et aI., 2005); besides, 

proximal tubules play a pivotal role in the secretion of a wide 

spectrum of molecules, including drugs, pollutants and potentially 

toxic metabolites from the circulation into the lumen of proximal 

tubules (Masereeuw et aI., 1999). Many conditions, such as 

ischemic injury, sepsis and hypovolemic states due to 
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haemorrhage, blood volume depletion and burns, can lead to 

acute renal tubular failure (ARF), a condition characterized by 

renal tubular damage and an abrupt decline in renal function (Mr. 

Simon Kenny, personal communication; Perin et aI., 2010). 

Although data available are still controversial, in some 

circumstances ARF might lead to chronic kidney disease and renal 

failure (Schiffl, 2010). 

To explore whether the H6 clonal line generated podocyte-like and 

proximal tubule-like cells in culture, RT-PCR analysis for podocyte 

and proximal tubule markers and immunofluorescence staining for 

Wt1, synaptopodin and mega lin were carried out. As previously 

explained, Wt1 expression is present in the MM; in adult kidney, 

the expression of Wt1 is restricted to podocytes (Donovan et al 

1999; Dressler, 2006). Synaptopodin is an actin-associated protein 

which represents a key marker for podocytes, as in vivo it is 

expressed in post-mitotic, terminally differentiated podocytes 

(Shankland et aI., 2007). Megalin is a marker for kidney proximal 

tubule cells. During kidney development the expression of megalin 

is detected in the mesonephros, renal vesicles and ureteric bud, 

and later in the S-shaped body. In adult kidney, the expression of 

megalin is restricted to the apical surface of proximal tubules and 

in part is found within the glomerulus (Christensen and Sim, 

2001). Since a previous study has shown that the H6 clonal line 

neither expressed distal tubule nor collecting duct genes (Fuente 

Mora, 2009), in this study the ability of H6 cells to generate these 

renal cell types was not explored. Furthermore, to determine if the 

H6 clonal line was similar to other kidney-derived stem cell 

populations and displayed multipotency, the ability of H6 cells to 

differentiate into non-renal cell types, such as osteocytes, 

adlpocytes and endothelial cells was investigated. Finally, the 
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growth rate of the H6 cell population was determined and 

compared with that of MM cells. 

5.2 Results 

5.2.1 Ability of H6 cells to form renal-like cell types in vitro 

5.2. 1. 1 Morphologv of the H6 elonalline 

The H6 clonal line was cultured in KSC medium on plastic tissue 

culture dishes and subcultured as explained in section 2.2.1. 

Figure 51. Phase contrast micrographs of H6 cells. The H6 clonal line could 

spontaneously form mesenchymal-like cells (dotted arrows) , podocyte-like cells 

(arrows) and epithelial-like cells (data not shown) when cultured in KSC medium 

on plastic tissue culture dishes. Scale bar: 200 )lm (left) ; 50 )lm (right). 

The H6 clonal line was able to spontaneously form three distinct 

cell types: podocyte-like cells (Fig. 51 , arrows) mesenchymal-like 

cells (Fig. 51, dotted arrows) and epithelial-like cells (Fuente Mora, 

2009 and data not shown). Mesenchymal-like cells represented 

the most abundant cell types: these cells were randomly oriented 

and displayed a spindle-shape morphology. Epithelial-like cells 

displayed a cobblestone-like morphology and were organized in 

small, sparse clusters. Podocyte-like cells constituted the most 
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interesting cell type. These cells were characterized by an 

arborized morphology and a large cytoplasmic-to-nuclear volume 

ratio. In addition, podocyte like cells were often binucleated (Fig 

51, arrows). It was observed that the H6 clonal line could maintain 

the ability to originate podocyte-like cells, mesenchymal-like cells 

and epithelial-like cells after repeated subcultivation and several 

freezing/thawing cycles (data not shown). 

5.2.1.2 Renal cell-specific gene expression in the H6 clonal line 

In this work it was hypothesized that the H6 clonal line could 

represent a MM-like cell population present in the postnatal mouse 

kidney. In order to investigate this assumption the renal cell­

specific gene expression profile of the H6 cells was compared with 

those of freshly isolated MM and MM cells following 4 days of in 

vitro culture by RT -peR. The markers included in this analysis 

were as follow: Wt1, Pax2, Osr1, Sa1/1, Lim1, Gdnf, Ret, Hoxb7 

and Vim (see section 3.2.4 for details). In addition, since the H6 

clonal line appeared to spontaneously generate renal-like cells in 

culture, the expression of markers normally expressed by 

differentiated cells of the adult kidney was also investigated. The 

list of markers analysed is shown in Table 14. The genes nephrin 

(Nphs1), podocin (Nphs2) and synaptopodin (Synpo) were 

selected as they are markers for podocytes (Shankland et aI., 

2007). The markers aquaporin1 (Aqp1) and mega lin (Lrp2) were 

selected as they identify proximal tubule cells (Gburek et aI., 2003; 

Georgas et aI., 2008). In addition, it was decided to check for the 

expression of vascular endothelial growth factor A (Vegfa) and 

desmin (Des). In the kidney Vegfa is normally expressed in 

glomerular podocytes, distal tubules and collecting ducts (Liu et 
-

aI., 2007), whereas the mesangial marker Des is present in the 

extraglomerular and glomerular mesangium (Georgas et aI., 
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2008). The sequence of j3-actin was amplified in order to verify 

that the peR reaction worked appropriately. Freshly isolated MM 

was used as positive control for the expression of Wt1, Pax2, 

Osr1, Sall1, Vim, Gdnf, Bax and Bc12. Postnatal or adult kidneys 

were used as positive controls for the expression of the remaining 

genes assayed (data not shown). 

Table 14. List of markers selected for the RT-PCR analysis. 

Gene Structure 

Wt1, Sa1l1, Osr1, Gdnf Metanephric mesenchyme 

Ret, Hoxb7 Ureteric bud 

Pax2 
Metanephric mesenchyme, 

Ureteric bud tips 

Nephric duct, Ureteric bud, MM-
Lhx1 

derived structures. 

Vim Mesenchymal cells 

cytokeratin 8, tight junction 
Epithelial cells 

protein 1 

vascular endothelial growth 
Endothelial cells 

factor A 

nephrin,pododn,podoca~xm-
Podocyte 

like 

synaptopodin Fully differentiated podocyte 

desmin Mesangial cells 

Aquaporin 1, megalin Proximal tubules 

Musashi1, Musashi2 Stem/Progenitor cells 

Bax, Bcl2 Apoptosis 

p161NK'8 Senescence 
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The results showed that the H6 clonal line expressed several 

markers found in freshly isolated and cultured MM cells, such as 

the MM-specific markers Wt1 , Ors1, Vim and Gdnf, the progenitor 

cell markers Msi1 and Msi2, the epithelial markers Tjp1 and 

Hoxb7, and the pro- and anti- apoptotic markers Sax and Sc12. 

Like cultured MM cells, the H6 cells did not express either Pax2 or 

p161NK4a (Fig . 52). 

Wt1 Pax2 Osr1 Sall1 Lhx1 Vim Gdnf Ret Krt8 Tjp1 Np1 Np2 Pdx 

Syn Des Lrp2 Ve Aq1 Hox M1 M2 Bax Bel2 p16 act 

• 11. .. ) 

Figure 52. Gene expression profile of the H6 clonal line cultured in KSC 

medium. Np1 : nephrin; Np2: podocin; Pdx: podocalyxin-like; Syn: synaptopodin ; 

Ve: vascular endothelial growth factor A; Aq1 : Aquaporin1 ; Hox ; Hoxb7; M1 : 

Musashi1 ; M2: Musashi2; p16: p16'NK4a; act: j3-act. j3-actin: reference gene. For 

Bax, Bcl2, and p16: n=2; for the remaining genes: n~3 . 

Additionally, the H6 clonal line expressed several markers for 

podocytes, such as Podxl and Synpo; however, the expression of 

Nphs1 and Nphs2 was not found . The gene expression profile also 

showed that the H6 cells were positive for Des, which is expressed 

in the extraglomerular and glomerular mesangium, and for the 

proximal tubular cell markers megalin and Aqp1 (Fig. 52). 

The genes expressed in freshly isolated MM, in MM cells following 

4 days of in vitro culture and those expressed in H6 cells are listed 

in Table 15. 
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Table 15. Genes expressed in freshly isolated metanephric mesenchyme (MM), MM cells following 4 days of in vitro culture (4d MM) and in the H6 clonal line. The 
symbol ~ indicates that the gene is expressed, whereas the symbol ){ indicates that the gene is not expressed. NT: not tested. Hox: Hoxb7; p16: p16NK4a

; M1 : 
Musashi1 ; M2: Musashi2; Np1 : nephrin ; Np2: podocin ; Pdx: Podocalyxin-like; Syn: synaptopodin ; Ve: Vegfa . ~actin was always expressed. 

Wt1 Pax2 Osr1 Sail 1 Lhx1 Vim Gfnf Ret Hox Tjp1 Bax Bcl2 p16 M1 M2 Krt8 Np 1 Np2 Pdx Syn Des Ve Lrp2 Aqp1 

MM ~ ~ ~ ~ 'X ~ ~ ~ ~ ~ ~ ~ 'X ~ ~ NT NT NT NT NT NT NT NT NT 

4d 
~ 'X ~ ~ 'X ~ ~ ~ ~ ~ ~ ~ 'X ~ ~ NT NT NT NT NT NT NT NT NT 

MM 

H6 ~ 'X ~ 'X 'X ~ ~ 'X ~ ~ ~ ~ 'X ~ ~ ~ 'X 'X ~ ~ ~ ~ ~ ~ 
-
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5.2. 1.3 Cytofluorimetric analysis of the H6 elonalline 

The gene expression profile (see section 5.2.1.2) revealed that the 

H6 clonal line expressed a wide spectrum of markers 

characteristic of different cell types, such as progenitor cell 

markers, MM-specific markers, epithelial markers and markers of 

fully differentiated cells. Flow cytometry was used to investigate 

the expression of the stem cell markers CD24, CD90, CD117 and 

Sca-1 (8ussolati et aI., 2005; Dekel et aI., 2006; Sagrinati et aI., 

2006). Furthermore, the H6 clonal line was also screened for the 

expression of the mesenchymal stem cell markers CD29, CD44 

and CD73, also found in adult kidney renal progenitor cells 

(8ussolati et aI., 2005; Sagrinati et aI., 2006) and the hemopoietic 

stem cell markers CD34 and CD45 (8ussolati et aI., 2005). 

The results revealed that the vast majority of H6 cells expressed 

CD29 and CD44, markers for mesenchymal stem cells and renal 

progenitor cells, and the hemopoietic gene CD34 (Fig. 53). In 

addition, it was observed that approximately 30% of the H6 cell 

population comprised cells expressing the stem cell markers Sca-

1 and CD24, and the renal progenitor cell marker CD73, also 

known as SH3 (8ussolati et aI., 2005). Moreover, 19% of the H6 

cells presented the surface marker CD45 and approximately 10% 

were positive for the stem cell marker CD117, also known as c-kit 

(8ussolati et aI., 2005) (Fig. 53). The flow cytometry analysis 

revealed that the H6 clonal line did not express the stem cell 

marker CD90 (data not shown). 
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Figure 53. Cytofluorimetric analysis of the H6 clonal line cultured in KSC 

medium. (a) Forward and side scatters of the H6 cell population. The gate R1 

contains the H6 cell population analysed for the presence of surface antigens. 

Signals outside the gate was considered cell debris. (b) Most of H6 cells 

expressed the stem cell markers CD29 and CD44, and the hemopoietic stem 

cells marker CD34. A fraction of the H6 clonal line was also positive for the 

stem cells markers Sca-1 and CD24, the mesenchymal stem cell marker CD73, 

and for the marker for circulating hemopoietic cells CD45. Green lines indicate 

the isotype control. M1 delineates the percentage of cells positive for a given 

marker. 

These results suggest that the H6 clonal line represents a 

heterogeneous cell population which expresses several markers 

for stem cells and renal progenitor cells. 

5.2.1.4 Rena/ cell-specific protein expression in the H6 c/ona/line 

In this section the expression of Wt1, Pax2, Synpo, megalin and 

Msi1 was investigated by immunofluorescence staining. 

The results demonstrated that many, but not all, cells within the H6 

cell population expressed Wt1, and the expression level appeared 

to be stronger in binucleated, podocyte-like cells (Fig. 54, arrows). 

In addition, the immunostaining revealed that the H6 clonal line 

was positive for the progenitor cells marker Msi1 (Fig. 54, b). In 

keeping with the gene expression profile analysis (see section 

5.2.1.2), the H6 cell population did not express the transcription 

factor Pax2 (Fig. 54, c). 
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Figure 54. Immunostaining for (a) Wt1 (green), (b) Msi1 (green) and (c) Pax2 

(red) . Many H6 cells were positive for Wt1 and Msi1 , whereas the expression of 

Pax2 was not detected. Nuclei were stained with DAPI (blue) . Micrographs of 

Msi1 staining were taken with a confocal microscope. Arrows indicate podocyte­

like cells. Dotted arrows indicate Wt1-negative cells. Scale bar: 100 11m (a, c); 

25 11m (b) . 
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The expression of megalin was found in a subset of H6 cells (Fig. 

55, a). In addition, the results showed that only podocyte-like cells 

expressed synaptopodin. The staining was mainly localized in the 

cell membrane and within the cytoplasm around the nucleus (Fig. 

55, barrows). 

Figure 55. Immunostaining for megalin and synaptopodin. (a) A fraction of H6 

cells expressed megalin (green). (b) Synaptopodin (red) was present in 

podocyte-like cells only (arrows). Nuclei were stained with DAPI (blue). Scale 

bar: 100 )..lm (a), 50 )..lm (b) . 

5.2.2 Evaluating the ability of H6 cells to differentiate into 

non-renal cell types 

Other stem cell types derived from adult human kidney have been 

shown to have similar properties to mesenchymal stem cells, such 

as the ability to undergo differentiation toward osteogenic, 

adipogenic and endothelial lineages (Bussolati et aI., 2005; 

Sagrinati et aI., 2006). To see if the H6 clonal line displayed 
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mesenchymal stem cell-like properties, the capacity of the H6 cells 

to differentiate into osteocytes, adipocytes and endothelial cells 

was assayed . 

5.2.2.1 Abilitv of H6 cells to differentiate into osteocvtes and 

adipocvtes 

The results showed that after 3 weeks of culture in osteogenic 

differentiation medium the H6 clonal line was able to differentiate 

into osteocytes, as demonstrated by the presence of calcium 

deposits stained with alizarin red S (Fig. 56, a). 

Figure 56. Light micrographs of osteogenic and adipogenic differentiation 

assays. (a) Calcium deposits stained with alizarin red S demonstrated that the 

H6 clonal line could differentiate into osteocytes. (b) H6 celis expanded in KSC 

medium did not differentiate. (c). H6 celis were capable of differentiating into 

adipocytes, as showed by the presence of lipid droplets stained with oil red O. 

(d) H6 celis cultured in KSC medium did not show adipogenic differentiation. 

Scale bar: 50 flm . 
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H6 cells cultured in KSC medium did not form calcium deposits 

and were negative for alizarin red S (Fig. 56, b). The presence of 

lipid droplets, identified by oil red 0 staining, demonstrated that 

after 3 complete cycles of induction the H6 clonal line could 

differentiate into adipocytes (Fig. 56, c) . whereas the cells cultured 

in KSC medium did not differentiate (Fig . 56, d). 

5.2.2.2 Abilitv of H6 cells to differentiate into endothelial cells 

The capacity of the H6 clonal line to generate endothelial cells was 

assayed as described in section 2.2.9. The presence of 

endothelial cells was assessed by cytofluorimetric analysis for the 

presence of the endothelial markers CD31, CD105, and by 

immunostaining for the expression of von Willebrand factor (Vwf) 

(Bussolati et aI., 2005; Sagrinati et aI., 2006) (details are explained 

in dection 2.7.1 and section 2.8.1, respectively). These markers 

were chosen as they had been regularly selected to investigate 

endothelial differentiation in the laboratory where this part of the 

work was carried out (University of Turin, Italy). 
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Figure 57. Cytofluorimetric analysis of H6 celis cultured in Endothelial Basal 

Medium supplemented with 10 ng/ml VEGF. After 3 weeks of culture the celis 

failed to differentiate into endothelial lineage, as 0.88% of the total cell 

population expressed CD31 (a) and 0.41% expressed CD105 (b). 
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Flow cytometry analysis revealed that the H6 clonal line was not 

able to differentiate into endothelial cells because more than 99% 

of the cell population did not express either CD31 or CD1 05 (Fig. 

57) . Interestingly, the immunostaining revealed that following 

induction the H6 cells expressed the endothelial marker Vwf and 

maintained the expression of Wt1 (Fig. 58, a) . 

DAPI Wt1 Vwf 

Figure 58. Confocal images of H6 cells stained for Vwf (red) and Wt1 (green). 

(a) Immunostaining demonstrated that following 3 weeks of culture in 

Endothelial Basal Medium supplemented with 10 ng/ml VEGF the H6 clonal line 

expressed both the endothelial marker Vwf and the MM-specific marker Wt1 . (b) 

Control, non-stimulated cells were negative for Vwf but expressed Wt1 . Nuclei 

of stimulated and control H6 cells were stained with DAPI (blue). 
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H6 cells expanded in KSC medium were positive for Wt1 but did 

not express Vwf (Fig. 58, b). 

These findings suggest that the H6 clonal line could 

spontaneously generate podocyte-like cells and renal tubular-like 

cells in culture (Fig. 55) and differentiate into osteocytes or 

adipocytes following stimulation with osteogenic or adipogenic 

differentiation medium, respectively (Fig. 56). Although after 3 

weeks of culture in the presence of VEGF most of H6 cells 

expressed the endothelial marker Vwf (Fig . 58), the H6 clonal line 

failed to differentiate into endothelial lineage as they did not 

express either CD31 or CD105 (Fig. 57). 

5.2.3 Determining the growth rate of the H6 cell population 

The growth of the H6 clonal line was assayed using the 

colorimetric reaction described in section 3.2.2. 

Table 16. Expansion of H6 cells. Results are indicated as mean ± standard 

deviation of the number of cells. 

t=O t=24h t=48h t=72h 

Mean 2500 6757 14343 23514 

St. Dev 907 3094 2565 

I Cells 

25000 1---------------------

20000 -l----------~-------__:;;,L--

15000 +-- - --- - ........ 

10000 -I--- --- --lI 

5000 I------:::::~""----------------

o +-------~-------------~ 

1=0 1=24h 1=48h 1=72h _ -----' 
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Figure 59. Growth curve of the H6 clonal line, determined with a colorimetric 

reaction based on the activity of cellular dehydrogenases. The population 

doubling time was calculated as described in section 2.2.10 and was 

approximately 25 hours. Error bars indicate standard deviations of cell numbers. 

A total number of 2.5 x 103 H6 cells were inoculated into a 96-well 

plate and absorbance measurements were taken every 24 hours 

(n=6), following initial plating (t=O) for a 72 hours period of culture 

(Fig. 59 and Table 16). The population doubling (PO) time (see 

section 2.2.10) for the H6 clonal line was approximately 25 hours. 

Overall, these results, together with the clonogenic origin of H6 

cells and their ability to undergo in vitro expansion for indefinite 

number of passages, suggest that the H6 clonal line display a 

stem cell phenotype. On the other hand, MM cells appear to be a 

progenitor cell population, as these cells displayed a limited ability 

to undergo in vitro expansion; besides, their clonogenic capability 

still has to be proven. Table 17 summarizes the main differences 

between MM cells and the kidney-derived stem cell H6 clonal line. 

Table 17. Principal differences between MM cells and the H6 clonal line. 

In vitro In vitro 

Self-renew Clonogenicity multipotency nephrogenic 

potential 

Nephron-derived 

structures. 
Metanephric 

Not yet Developing 
mesenchyme Limited Not yet tested 

tested glomeruli and 
cells 

proximal tubules 

not yet tested 

KSCH6 Virtually 
Osteocytes 

Nephron-derived 
Yes and 

clonal line unlimited 
_. 

adipocytes 
structures 
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5.3 Discussion 

The H6 clonal line was established from a kidney-derived stem cell 

population originally isolated from postnatal mouse kidney (Fuente 

Mora, 2009). The H6 clonal line had a PD time of approximately 

25 hours and showed the capacity to spontaneously generate cells 

with a podocyte-like, mesenchymal-like, and epithelial-like 

morphology (Fuente Mora, 2009). It was found that H6 cells could 

also differentiate into non-renal cell types such as osteocytes and 

adipocytes when stimulated with osteogenic and adipogenic 

differentiation medium, respectively. Cytofluorimetric analysis 

demonstrated that the H6 clonal line expressed markers for renal 

progenitor cells, such as CD29, CD44 and CD73 (Bussolati et aI., 

2005; Sagrinati et aI., 2006). In addition, a fraction of the cell 

population expressed the stem cell marker Sca-1 and the renal 

progenitor cell antigen CD24 (Dekel et al,. 2006; Sagrinati et aI., 

2006). It was also found that the H6 clonal line was positive for 

several MM-specific markers expressed in freshly isolated 

metanephric mesenchyme and metanephric mesenchyme cells 

following in vitro culture, such as Wt1, Osr1, Gdnf, Vim and Msi1. 

Furthermore, the H6 clonal line expressed markers commonly 

found in differentiated cells, such as Aqp1, megalin, synaptopodin 

and desmin. Megalin and Aqp1 are markers for proximal tubule 

cells (Gburek et aI., 2003; Georgas et aI., 2008), whereas 

synaptopodin and desmin identify different cell types present in the 

glomerulus, the former being a marker for post-mitotically 

differentiated podocytes (Shankland et aI., 2007), the latter being 

expressed by glomerular mesangial cells (Georgas et aI., 2008). 

The presence of transcripts and proteins normally found in 

differentiated cells strongly supports the presumption that the H6 
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clonal line is able to spontaneously generate renal-like cells in 

culture. 

As reported in section 5.2.1.1, the H6 clonal line was able to 

spontaneously give rise to podocyte-like cells that displayed an 

arborized morphology and a high cytoplasmic-to-nuclear volume 

ratio. In addition, very often these cells were binucleated. 

Immunostaining results confirmed that these cells expressed 

synaptopodin. It was observed that the ability of the H6 cells to 

generate cells with a podocyte-like morphology could be 

maintained for an indefinite number of passages and several 

freeze/thaw cycles. The capacity of a non-immortalized cell line to 

continue generating podocyte cells in culture may be of great 

clinical relevance, as it may represent a valuable tool to 

investigate cell responses to injury and elucidate cell repair 

mechanisms following damage. Surprisingly, RT-PCR analysis 

demonstrated that the H6 clonal line did not express the podocyte 

markers nephrin and podocin. Both nephrin and podocin are key 

components of the podocyte slit diaphragm, a structure formed by 

adjacent interdigitating podocyte foot processes that constitutes a 

size and charge barrier to proteins (Shankland, 2006). It has been 

shown that conditionally immortalized mouse podocytes express 

many podocyte proteins normally detected in vivo and are capable 

of forming a slit diaphragm-like structure (Shankland et aI., 2007). 

It is plausible that the culture conditions developed in the present 

study allowed H6 cells to generate podocyte-like cells that 

displayed a characteristic podocyte morphology and the 

expression of the cytoskeleton-associated protein synaptopodin 

(Garovic et aI., 2007); however, when cultured under these 
-

conditions, H6 cells neither express nephrin nor podocin and a slit 

diaphragm-like structure most likely did not form. 
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RT-PCR analysis revealed that the H6 clonal line expressed 

markers for proximal tubular cells, such as Aqp1 and megalin. In 

addition, immunofluorescence staining demonstrated that a subset 

of the H6 cell population expressed megalin. These findings 

suggest that the H6 population contains proximal tubule-like cells. 

The capability of the H6 clonal line to give rise to proximal tubular­

like cells will be of great importance and might also have clinical 

implications in developing therapies to replenish damaged tubular 

cells. In the next chapter the ability of the H6 clonal line to 

generate proximal tubular-like cells that show functionality in vitro 

will be further investigated. 

A previous study carried out in our laboratory has shown that the 

H6 clonal line did not generate either renal distal tubular cells or 

renal collecting duct cells (Fuente Mora, 2009). These findings, 

together with the results presented in this work, suggest that the 

differentiation potential of the H6 clonal line seems to be restricted 

to generate cells present within the initial part of the nephron, such 

as podocyte-like cells and proximal tubular-like cells, whereas H6 

cells seem not to be able to generate distal tubular cells or 

collecting duct cells. However, another possibility might be taken 

into account in the attempt to explain the absence of distal tubular 

markers in the H6 cell population. It has been reported that distal 

tubular cells, isolated from adult human kidney, lost the expression 

of distal tubular markers and acquired a more proximal tubular cell 

phenotype after a few days of in vitro culture. On the other hand, 

proximal tubular cells, isolated from human kidney, were able to 

maintain their characteristic phenotype during the same period of 

culture (Baer et aI., 1999). It might therefore be possible that H6 

cells were able to generate distal tubular-like cells; nevertheless, 
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these cells might have lost a distal tubular cell-like phenotype and 

acquired characteristics of proximal tubular-like cells. 

The ability to differentiate into different cell types represents an 

important feature of stem cells. For instance, bone marrow-derived 

mesenchymal stem cells (MSC) have been extensively used as a 

model of adult stem cells being able to differentiate into osteocytes 

and adipocytes (Nagai et aI., 2007; Lee et aI., 2010). It has been 

demonstrated that CD24+ CD133+ renal progenitor cells present in 

the Bowman's capsule of adult human kidney were able to 

differentiate toward osteogenic, adipogenic and neuronal lineages 

(Sagrinati et aI., 2006). The ability of renal precursor to give rise to 

non-renal derivatives has also been illustrated in xenotransplant 

studies. Dekel and collaborators found that following 

transplantation under the renal capsule of immunocompromised 

mice, E20-E25 porcine kidney precursors underwent complete 

nephrogenesis and formed an organ able to produce urine. In 

addition, this group noticed that bone tissue, cartilage, 

myofibroblasts and blood vessels also formed within the grafts, 

likely because a fraction of embryonic renal precursors had failed 

to correctly differentiate into the renal lineage (Dekel et aI., 2003). 

More recently, Kim and collaborators transplanted E14.5 rat fetal 

kidney precursors under the renal capsule of 

immunocompromised mice. These authors observed that the 

transplanted cells generated immature glomeruli and renal 

tubules; however, they also differentiated into non-renal tissues, 

such as bone and cartilage (see section 1.3.2.3) (Kim et aI., 2007). 

Notably, using a whole-embryo culture system Yokoo and 

colleagues demonstrated that following injection into the 

intermediate mesoderm of mouse embryos, human MSC could 

differentiate into different renal cell types (Yokoo et aI., 2005). 
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The ability of the H6 clonal line to differentiate into osteocytes and 

adipocytes, two cell types commonly derived from MSC, suggests 

that H6 cells display a multipotent phenotype and underlines 

important analogies with other kidney stem/progenitor cell 

populations (Bussolati et aI., 2005; Dekel et aI., 2006; Sagrinati et 

aI., 2006). The fact that the H6 clonal line displayed some 

characteristics of MSC might by explained by considering that the 

aorta-gonad-mesonephros region where MSC arise (Mendes et 

aI., 2004), like the kidney, originates from the intermediate 

mesoderm. 

My work also showed that the H6 cells could not achieve 

endothelial differentiation: flow cytometry analysis revealed that 

the vast majority of the H6 cells did not express the endothelial 

markers CD31 and CD105 (8ussolati et aI., 2005). Interestingly, 

following 3 weeks of culture in Endothelial Basal Medium (EBM) 

supplemented with 10 ng/ml VEGF, the cells expressed the 

endothelial marker von Willebrand factor (Vwf) (8ussolati et aI., 

2005) and the MM-specific marker Wt1. This gene was also found 

to be activated in endothelial cells under reduced oxygen supply 

conditions, such as in rat coronary vasculature following 

myocardial infarction (Wagner et aI., 2003). Conversely, H6 cells 

expanded in control KSC medium did not express Vwf, but they 

did maintain the expression of Wt1. It has been shown that 

CD133+ renal progenitor cells isolated from adult human kidney 

could differentiate into endothelial cells in vitro (Bussolati et aI., 

2005). Since the protocol followed to differentiate H6 cells into 

. endothelial cells was the same of that used to differentiate human 

CD133+ cells, it might be hypothesized that these culture 

conditions, although they could induce the expression of Vwf, were 
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not ideal to trigger endothelial differentiation in kidney-derived 

stem cells isolated from mouse. 

One of the most interesting features of the H6 clonal line was that 

it expressed the same set of metanephric mesenchyme-specific 

markers already found in freshly isolated metanephric 

mesenchyme and metanephric mesenchyme cells following in 

vitro culture, such as the MM-specific marker and progenitor cell 

marker Wt1, the MM-specific genes Osr1 and Gdnf, and the 

mesenchymal marker Vim. In addition, similar to freshly isolated 

and cultured MM cells, H6 cells expressed the progenitor cells 

markers Msi1 and Msi2. Like in vitro cultured MM cells, the H6 

clonal line did not express the MM- and UB-specific marker Pax2. 

Interestingly, the expression of the UB-specific marker Hoxb7 

(Park et aI., 2007) was found. This result might be due to the 

culture conditions developed that determined the expression of 

Hoxb7 in H6 cells. Since the expression of the UB-specific marker 

Ret (Osafune et aI., 2006) was not detected, it can be concluded 

that the H6 cell population did not contain UB-derived cells. 

Cytofluorimetric analysis revealed that approximately 30% of H6 

cells expressed the stem cell marker stem cell antigen-1 (Sca-1) 

which has been previously found to be expressed by a population 

of non-tubular multipotent progenitor cells isolated from adult 

mouse kidney (Dekel et aI., 2006). Moreover, a similar percentage 

of the H6 clonal line was positive for the renal progenitor cell 

markers CD24 (Sagrinati et aI., 2006) and CD73 (Bussolati et aI., 

2005). Furthermore it was observed that the H6 clonal line 

expressed several markers normally found in adult stem cells, 

such as CD29, CD44 and CD73. Of note, Bussolati and 

colleagues demonstrated that these markers were expressed in 
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C0133+ renal progenitor cells isolated from the interstitium of adult 

human kidney (Bussolati et aI., 2005). The expression of the 

hemopoietic stem cell marker C034 (Bussolati et aI., 2005) might 

suggest that the H6 clonal line also displayed characteristics of 

this stem cell population; however, a hemopoietic stem cell 

phenotype for the H6 clonal line can most likely be ruled out since 

H6 cells expressed the podocyte markers desmin and 

synaptopodin, and the proximal tubule markers Aqp1 and megalin. 

C0133 has been considered a marker for organ-specific stem 

cells. However, Shmelkov and colleagues demonstrated that in 

mouse C0133 is also expressed in many differentiated epithelial 

cells of adult organs with hollow cavities, such as the kidney, lung, 

pancreas and liver (Shmelkov et aI., 2008). Since C0133 might 

not represent an appropriate marker for the identification of 

stem/progenitor cell populations, the expression of C0133 in the 

H6 cell population was not assayed. 

Finally, a cell growth assay demonstrated that the H6 clonal line 

had a population doubling (PO) time of apprOXimately 25 hours, 

which was shorter than the PO time of both PO and P1 MM cells 

(approximately 57 hours and 37 hours, respectively). 

Overall, these findings suggest that a fraction of the H6 clonal line 

was able to maintain a stem cell phenotype and might therefore 

represent a remnant of the embryoniC metanephric mesenchyme 

present in the postnatal mouse kidney. The ability to differentiate 

into osteocytes and adipocytes, together with the ability to express 

many adult stem cell markers, underline several analogies with 

C024+ C0133+ adult human renal progenitor cells present within 
-

the Bowman's capsule. However, the findings also indicate that 

under the culture conditions developed, a fraction of these cells 
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might be able to undergo spontaneous differentiation, thus giving 

rise to more differentiated, renal-like cells found in the H6 cell 

population. 
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Investigating the nephrogenic potential of the H6 

clonal line in vitro 

6.1 Introduction 

The H6 clonal line was obtained from a population of kidney­

derived stem cells, originally isolated from postnatal mouse 

kidney. In chapter 5 it was presented that the H6 clonal line 

showed a population doubling time of approximately 25 hours and 

the ability to give rise to renal-like and non renal cell types in 

culture (see section 5.2.1 and section 5.2.2). The results 

demonstrated that H6 cells displayed an expression profile similar 

to that of MM cells following 4 days of in vitro culture, as they 

expressed MM-specific markers such as Wt1, Osr1, Vim and 

Gdnf. In addition the expression profile analysis revealed that the 

H6 clonal line was positive for markers for stem/progenitor cells, 

namely Msi1, Msi2, Sca-1, CD24, CD29 and CD73, and for 

markers normally found in differentiated renal cells, such as 

synaptopodin, megalin, Aqp1, Des and Vegfa. 

These findings suggest that the H6 clonal line might derive from 

metanephric mesenchyme cells that persist in the postnatal mouse 

kidney and, therefore, might maintain the capability to give rise to 

different cell types present in the nephron. In addition, the 

expression of the renal proximal tubular markers, megalin and 

Aqp1, suggested that a subset of the H6 clonal line underwent 

either partial of complete differentiation in order to give rise to 

. proximal tubular-like cells. 

In chapter 4 it was demonstrated that freshly isolated MM and MM 

cells following 4 days of in vitro culture could maintain a 
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nephrogenic potential, as they were able to participate in the 

formation of developing nephrons following recombination with 

E11.5 reaggregated kidney rudiments. One of the crucial point of 

the present study was to determine whether, similar to freshly 

isolated and cultured MM cells, the H6 clonal line could participate 

in the formation of nephron-like derived structures in vitro. The in 

vitro nephrogenic potential of the H6 clonal line was investigated 

by recombination with E11.5 reaggregated kidney rudiments and 

the ability of H6 cells to integrate into nephron-like developing 

structures was compared with that of freshly isolated and cultured 

MM cells. In addition, since H6 cells expressed markers for 

podocytes and proximal tubules, it was decided to assess whether 

the cells were also able to participate in the formation of glomeruli 

and proximal tubules following chimera formation. If the H6 clonal 

line maintained a nephrogenic potential, then it would be expected 

to find these cells integrated into developing nephrons, proximal 

tubules and glomeruli. Furthermore, a similar integration ability for 

H6 cells and MM cells would underline important similarities 

between these two cell populations and hint that the H6 clonal line 

might be a postnatal remnant of the embryonic MM. 

If H6 cells were of use for the treatment of renal injury, it would be 

paramount that these cells display normal functionality and 

differentiate appropriately. As previously mentioned, the H6 clonal 

line expressed markers for proximal tubular cells. The renal 

proximal tubule plays a pivotal role in the reabsorption of water 

and a wide variety of inorganiC and organic molecules present in 

. the glomerular ultrafiltrate (Christensen and Gburek, 2004, 

Kobayashi et aI., 2005) and in the elimination of potentially toxic 

compounds such as pollutants and metabolic wastes and pollutant 

metabolites present in the body (Masereeuw et aI., 1999). Under 
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normal circumstances vitamins and proteins present in the blood 

are filtered through the glomerular filtration barrier, and 

subsequently, are reabsorbed as they pass through the proximal 

tubules in order to be metabolized or reused and secreted into the 

circulatory system. This results in an almost protein-free urine 

«20 mgtl) (Nielsen and Christensen, 2010). However, several 

conditions such as diabetes mellitus, infections, genetic and 

immune mechanisms, can lead to podocyte depletion (Ronconi et 

aI., 2009) which, by impairing the glomerular filtration capacity, 

may eventually lead to proteinuria, a condition characterized by 

the presence of non-physiological levels of proteins in the urine 

(>200 mgtl). Although the effects of protein-rich ultrafiltrate in the 

distal segment of the nephron have still to be fully elucidated, it 

seems that the excess of proteins may induce inflammation and 

fibrosis, which could eventually lead to renal failure (Nielsen and 

Christensen, 2010). 

A vast variety of molecules present in the ultrafiltrate, such as 

ions, amino acids, hormones, proteins, enzymes, drugs and 

toxins, are reabsorbed as a complex with two endocytic receptors, 

megalin and cubulin, and the cooperating protein amnion less 

(Nielsen and Christensen, 2010). The reabsorption takes place 

principally within the S1 segment of the kidney proximal tubules, 

which represent the portion of the proximal tubule adjacent to the 

Bowman's capsule (Casarett et aI., 2007; Russo et aI., 2007; 

Nielsen and Christensen, 2010). Megalin is a 600 kDa 

transmembrane protein which belongs to the low density 

lipoprotein (LDL) receptor family; cubulin is a 460 kDa peripheral 

cooperating receptor which interacts with megalin before 

internalization (Fig. 60) (Nielsen and Christensen, 2010). 
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Figure 60. Schematic representation of megalin and cubulin receptors in the 

apical membrane of kidney proximal tubules. Specific and shared ligands for 

megalin and cubulin are internalized as a complex with the receptors 

(Christensen and Gburek, 2004, with permission). 

It has been demonstrated that megalin and cubulin mediate the 

reabsorption of haemoglobin, myoglobin, albumin and receptor­

associated protein (RAP) (Zhai et aI., 2000; Nielsen and 

Christensen, 2010). Zhai and colleagues demonstrated that 

megalin and cubulin are expressed on the apical surface of kidney 

proximal tubules (Zhai et aI., 2000). These authors showed that 

megalin could mediate the endocytosis of albumin in opossum 

kidney proximal tubular cells in culture, and that the uptake could 

be competitively reduced in the presence of either RAP or intrinsic 
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factor-vitamin B12 complex (Zhai et aI., 2000). It has been 

reported that the megalin receptor displays a rapid turnover 

following the binding with its ligands. The receptor is internalized 

and sorted to endosomes, then it is recycled and returned to the 

cell surface. The whole cycle completes in about 20 minutes 

(Maurer and Cooper, 2005). 

Since the H6 clonal line expressed the renal proximal tubular 

markers Aqp1 and megalin, it was decided to determine whether 

H6 cells were able to uptake albumin through the megalin 

receptor, using the functionality assay already described by Zhai 

and colleagues (Zhai et aL, 2000). 

Besides the reabsorption of a wide spectrum of molecules, several 

organic anions and cations present in the circulatory system are 

secreted into kidney proximal tubules by organic anion 

transporters (OATs) and organic cation transporters (OCTs), to be 

eliminated in the urine. These transporters belong to the 

Amphiphilic Solute Transporter (Slc22a) family of the Major 

Facilitator Superfamily. Substrates for OATs and OCTs include 

physiological c~mpounds, such as folate, urate, prostaglandins 

and neurotransmitters (Sweet et aL, 2006); however many 

potentially toxic xenobiotic agents, namely non-steroidal anti­

inflammatory drugs, antibiotics, antivirals, heavy metals, 

chemotherapeutics and mycotoxins, are also ligands for OATs and 

OCTs. Since many drugs and toxins are substrates for OATs and 

OCTs, this family of transporters has become of great 

pharmacological interest (Sweet, 2005; Sweet et aL, 2006). 

The expression of OATs is not limited to the kidney, but it has 
-

been found in barrier epithelia of different organs and tissues 
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including liver, placenta, choroid plexus and brain capillaries 

(Sweet et aI. , 2005). 

Figure 61. Schematic representation of OAT family members in kidney proximal 

tubules. Oat1-3 appear on the basolateral membrane, whereas Oat5 and OAT4 

(the latter expressed in human) are located on the apical surface of proximal 

tubular cells (Modified from Van Wert et aI. , 2010). 

In the kidney, OATs are expressed mainly within the S2 segment 

of kidney proximal tubules, where most of the tubular secretion 

takes place. These channels are located either on the basolateral 

or apical membrane of proximal tubules and their disposition 

reflects their roles in basolateral uptake or apical secretion of 

anions (Brenner, 2000; Anzai et aI. , 2005; Sweet et aI. , 2006; 

Casarett et aI., 2007; Hwang et aI. , 2010). This pattern implies that 

organic anion molecules are first uptaken from the blood through 

basolateral organic anion transporters, and subsequently, are 

secreted into the lumen of proximal tubules by organic anion 

transporters located on the apical surface of the tubules (Van Wert 

et aI. , 2010). 
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In human kidneys, five members of the OAT family, OAT1-4 and 

OAT 1 0, have been found, whereas in mouse kidneys the 

transporters Oat1-3 and Oat5 have been identified. As Figure 61 

shows, Oat1-3 are expressed on the basolateral membrane, 

whereas Oat5 is present on the apical surface of kidney proximal 

tubule (Van Wert et aI., 2010). Pavlova and co-workers 

demonstrated that in mouse, the renal expression of Oat1-3 

appears around embryonic day 14, which corresponds to the 

onset of proximal tubule formation (Pavlova et aI., 2000). Sweet 

and colleagues demonstrated the functionality of Oat1 and Oat3 

during embryogenesis using induced metanephric mesenchyme 

and whole embryonic kidney culture as models of study. These 

authors showed that fluorescein, a fluorescent molecule known to 

be a substrate for both Oat1 and Oat3, could accumulate into 

presumptive proximal tubules of rat embryonic kidney and rat MM 

that had been induced by spinal cord stimulation. In addition, it 

was shown that the uptake of fluorescein could be completely 

blocked in the presence of probenecid, an organic anion 

transporter competitive inhibitor (Sweet, 2005). In a subsequent 

study this research group demonstrate that MM induced by 

recombination with ureteric bud showed OAT functionality as 

evidenced by the fact that the recombined tissue was able to 

uptake 6-carboxyfluorescein (6-CF), whereas in the presence of 

probenecid, the uptake was inhibited (Rosines et aI., 2007). 

The possibility to look at the uptake of fluorescent molecules 

represents a valuable tool to elucidate the functionality of OATs in 

vitro. In order to provide further evidence that some cells within the 

H6 cell population showed a renal proximal tubular cell-like 

phenotype, it was decided to investigate whether the H6 clonal line 
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was able to uptake 6-carboxyfluorescein (6-CF) via the organic 

anion transporters, using the chimera formation assay. 

If H6 cells were capable of displaying functionality in vitro, then it 

would indicate that the H6 clonal line was able to generate cells 

with a proximal tubule-like phenotype. 

6.2 Results 

6.2.1 Investigating the in vitro nephrogenic potential of the H6 

clonal line 

In this work it was hypothesized that the H6 clonal line 

represented a remnant of the embryonic metanephric 

mesenchyme present in the postnatal mouse kidney. It became 

important to elucidate whether the H6 clonal line maintained a 

nephrogenic ability, i.e. whether the cells were still able to 

participate in nephron formation. In chapter 4, it was shown that 

reaggregated kidney rudiments were able to form organotypic 

renal structures, such as comma and S-shaped body and 

developing nephrons (see section 4.2.3 and Unbekandt and 

Davies, 2010). It was also demonstrated that metanephric 

mesenchyme cells following 4 days of culture could retain a 

nephrogenic potential since they were capable of integrating into 

developing nephrons at a comparable ratio with that of freshly 

isolated MM (see section 4.2.3). 

In order to track H6 cells in the chimera, it was decided to label the 

cells with quantum dots (QD). In addition, in some experiments the 

cells were transfected with a lentiviral vector constitutively 

expressing enhanced green _ fluorescent protein (EGFP). Cell 

labelling protocols are explained in section 2.3. The chimeras were 
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cultured for a period of 3-5 days, then the samples were stained 

for Wt1, laminin, Pax2, megalin and synaptopodin. 

Wt1 and laminin were selected as they are useful markers to 

identify developing nephrons. In section 4.2.3.1 and section 

4.2.3.2 it was demonstrated that freshly isolated and cultured MM 

were able to maintain the expression of Pax2 for several days 

after being recombined with E11.5 reaggregated kidney rudiments. 

Since the H6 clonal line did not express Pax2 (see section 5.2.1.2 

and section 5.2.1.4), in this section it was decided to investigate 

whether H6 cells could re-express Pax2 following recombination 

with reaggregated kidney rudiments. Megalin is a marker for 

proximal tubules (Gburek et aI., 2003), whereas synaptopodin is 

expressed by podocytes (Shankland et aI., 2007). The former 

marker was selected in order to see whether H6 cells could 

participate in the formation of developing proximal tubules, the 

latter one was included to ascertain if the H6 clonal line could also 

contribute to the formation of presumptive glomeruli. 

6.2. 1. 1 H6 cells expressing enhanced green fluorescent protein 

The H6 clonal line was transfected with a lentiviral vector 

expressing enhanced green fluorescent protein (EGFP) as 

explained in section 2.3.1. The expression of EGFP reached a 

plateau level three days after transfection (Mr Sokratis 

Theocharatos, University of Liverpool, personal communication 

and data not shown). Figure 62 shows H6 cells expressing EGFP 

(hereafter referred to as H6 EGFP+ cells). 
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Figure 62. Micrographs of H6 cells transfected with EGFP vector. (b) H6 

EGFP+ cells (a, phase contrast) expressed enhanced green fluorescent protein 

within the cytoplasm and the nucleus (green). 

The fluorescent signal was localized in the cytoplasm and in the 

nucleus (Fig. 62). Cytofluorimetric analysis demonstrated that 

approximately 90% of the transfected H6 cells expressed EGFP 

(Fig . 63). The percentage of EGFP-expressing cells remained 

constant for the entire duration of this study (data not shown). 
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Figure 63. Cytofluorimetric analysis performed on H6 EGFP+ cells. (a) Forward 

and side scatters of H6 EGFP+ cells. The gate R1 includes the cells analysed 

for the expression of EGFP. (b) Approximately 90% of the transfected cells 

expressed green fluorescent protein (violet) . Green line indicates non­

transfected H6 cells (control). 
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6.2.1.2 Recombination of the H6 clonal line with E11 .5 

reaggregated kidney rudiments 

The H6 clonal line, labelled with quantum dots (OD), was 

recombined with E11 .5 reaggregated kidney rudiments. The 

samples were cultured in KSC medium in the presence of Rho­

kinase inhibitor for the first 24 hours of culture (see section 

2.2.8.2) . 

The results demonstrated that similar to freshly isolated and 4 

days cultured MM (see section 4.2.3.1 and section 4.2.3.2) the H6 

clonal line showed a nephrogenic potential. 

Wt11n Wt1 

QD 

EGFP 

208 



Chapter 6 

Figure 64. Immunostaining of H6 cells recombined with E11.S reaggregated 

kidney rudiments. Panels a and b show that H6 cells, labelled with quantum 

dots (QD) (red), could integrated into nephron-like developing structures (ND, 

arrows) expressing Wt1 (green), but not into the ureteric bud (US). Laminin 

(blue) surrounded the US. (c, d) The ability of H6 cells to integrate into 

developing nephrons was confirmed using H6 EGFP+ cells (green). Nephron­

like developing structures were stained for Wt1 (red). Arrows indicated 

integrated H6 EGFP+ cells. 

Figure 64 shows that the cells integrated into nephron-like 

developing structures (NO) expressing Wt1 (Fig. 64, a and b 

arrows), but not into the ureteric bud (US) (Fig. 64, a). The ability 

of the H6 clonal line to integrate into developing nephrons was 

confirmed using EGFP-expressing cells. When H6 EGFP+ cells 

were recombined with reaggregated kidney rudiments, it was 

found that EGFP+ cells could integrate into developing nephrons, 

but not into the ureteric bud (Fig. 64, c and d, arrows). 

Previous findings from this work demonstrated that both freshly 

isolated MM and MM following 4 days of in vitro culture were able 

to maintain the expression of the transcription factor Pax2 

following recombination with E11.5 reaggregated kidney rudiments 

(details are shown in section 4.2.3.1 and section 4.2.3.2). Since 

RT-PCR and immunostaining assays revealed that the H6 clonal 

line did not express Pax2 (see section 5.2.1.2 and section 5.2.1.4, 

respectively), it was elected to investigate whether the chimera 

environment could allow H6 cells to activate the expression of 

Pax2. 
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Pax2 aD Wt1 aD Pax2 Wt1 aD 

Figure 65. Immunostaining for Pax2 and Wt1 . Following recombination with 

E11 .S reaggregated kidney rudiments, some H6 cells, labelled with QD (red) , 

expressed both Pax2 and Wt1 (arrows). Inlets show higher magnification of H6 

cells expressing both pax2 and Wt1 . 

After culturing the chimera for three days it was found that some 

OD-Iabelled H6 cells expressed Pax2. In addition, it was observed 

that in some cases Pax2-expressing cells were also positive for 

Wt1, as double immunofluorescence staining revealed (Fig . 65). 

Notably, no Pax2+ Wt1 - H6 cells were found (Fig. 65 and data not 

shown), which provides further evidence that the H6 clonal line 

was not derived from the ureteric bud. 

The H6 clonal line expressed the podocyte marker synaptopodin 

and the proximal tubular markers Aqp1 and megalin (see section 

5.2.1 .2 and section 5.2.1.4). It became important to investigate 

whether H6 cells were able to form developing proximal tubules 

and presumptive glomeruli following recombination with E11.5 

reaggregated kidney rudiments. Following three days of culture 

the chimera had started forming proximal tubules that showed a 

correct spatial expression of megalin: Figure 66 shows that 

megalin staining was found on the apical surface of developing 

tubules. 
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Figure 66. The H6 clonal line could participate to the formation of developing 

proximal tubules. Following recombinaton with E11 .5 reaggregated kidney 

rudiments, QD-Iabelled H6 cells (red) were able to integrate into developing 

proximal tubules, stained for megalin (green). Arrows indicate QD-Iabelled 

megalin-positive H6 cells integrated into developing proximal tubules. Pax2 is in 

blue. 

Quantum dot-labelled H6 cells could participate in the formation of 

developing proximal tubules: arrows in Figure 66 indicate QD­

labelled megalin-positive H6 cells integrated into proximal tubule­

like structures. 

The ability of the H6 clonal line to form developing glomeruli was 

investigated. For this assay it was decided to extend the chimera 

culture period to five days in order to allow the formation of more 

mature glomeruli. Developing glomeruli were stained for the 

podocyte marker synaptopodin. The results showed that QD­

labelled H6 cells could integrate into glomerular-like developing 

structures (Fig. 67, a arrow). In addition, the integration ability of 

the H6 clonal line was confirmed using H6 EGFP+ cells: it was 

possible to observe EGFP-expressing cells integrated into 

developing glomeruli (Fig . 67, barrow). 
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Figure 67. The H6 clonal line could participate in the formation of developing 

glomeruli. (a) Developing glomeruli expressed synaptopodin (green) and were 

surrounded by laminin (blue). QD-Iabelled H6 cells (red) could integrate into 

developing glomeruli (arrow). (b) H6 EGFP+ cells (green, arrow) integrated into 

glomerular-like developing structures positive for synaptopodin (red). Laminin 

stained basement membrane (blue). 

These findings demonstrated that the H6 clonal line displayed a 

nephrogenic potential in vitro since it was able to integrate, and 

hence participate in the formation of developing nephrons, 

proximal tubules and developing glomerular-like structures. 

6.2.2 Determining the percentage of H6 cells integrated into 

nephron-like developing structures 

To determine the percentage of H6 cells integrated into developing 

nephrons it was decided to follow the strategy already adopted to 

determine the percentage of freshly isolated and cultured MM cells 

integrated into developing nephrons (see section 4.2.4). 

The results, summarized in Table 18 and Figure 68, showed that 

OD-Iabelled H6 cells integrated into nephron-like developing 

structures (n=7) at a ratio of 8.39% ± 0.54% (mean of three 

distinct experiments) ; freshly isolated and cultured MM cells could 
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integrate at a ratio of 13.29% ± 0.72% and 12.36% ± 3.02%, 

respectively (see section 4.2.4). Statistical analysis revealed that 

the potential of H6 cells to form developing nephrons was lower 

than that of freshly isolated MM (Student's t-test, P < 0.05), 

however it was not dissimilar with that of cultured MM cells 

(Student's t-test, P > 0.05). 

Table 18. Integration ability of freshly isolated MM (fresh MM) (n=3), MM cells 

following 4 days of in vitro culture (4d MM cells) (n=3) and H6 cells (n=3). 

Results are expressed as mean and standard deviation (SO) of the percentage 

of QD-Iabelled freshly isolated MM, cultured MM cells and H6 cells integrated 

into nephron-like developing structures. 

Samples Fresh MM 4d MM cells H6 cells 

Mean ± SO 13.29% ± 0.72% 12.36% ± 3.02% 8.39% ± 0.54% 

% 

18 

16 

* 14 

12 

10 * 
8 

6 

4 

2 

0 
Fresh MM 4d MM cells H6 cells 
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Figure 68. Percentage of freshly isolated MM (n=3), 4 days cultured MM cells 

(n=3) and H6 cells (n=3) labelled with quantum dots, integrated into nephron­

like developing structures. Student's t-test demonstrated that the percentage of 

integration of H6 cells was smaller than that of freshly isolated MM (P < 0.05); 

nevertheless, cultured MM and H6 cells integrated at a comparable ratio into 

developing nephrons (P > 0.05). Error bars indicate standard deviations of the 

means. Asterisks indicate differences with statistical relevance. 

Overall these findings demonstrated that the H6 clonal line 

maintained a nephrogenic potential and was able to integrate into 

nephron-like, proximal tubular-like and glomerular-like developing 

structures following recombination with E11.5 reaggregated kidney 

rudiments. Similarly with freshly isolated and 4 days cultured MM 

cells, H6 cells did not integrate into ureteric bud. In addition, it was 

found that the ability of the H6 cells to integrate into developing 

nephrons was comparable with that of cultured MM cells. 

6.2.3 Investigating the functionality of the H6 clonal line in 

vitro 

The H6 clonal line expressed markers for proximal tubule cells and 

could participate in the formation of developing proximal tubules 

when recombined with E11.5 reaggregated kidney rudiments. It 

became paramount to determine whether the H6 clonal line were 

also able to generate proximal tubule-like cells that displayed 

functionality in vitro. 

6.2.3.1 The H6 clonal line expressed functional mega lin 

In this work the ability of H6 cells to uptake albumin via the 

mega lin receptor was assessed as described in section 2.5.1. The 

E5 clonal line, which did not express neither Aqp1 nor megalin 

(Fuente Mora, 2009), was used as a negative control for FBSA 

endocytosis. 
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The results demonstrated that a group of H6 cells showed 

functionality and was able to uptake FBSA. The puntacte staining 

in the cell cytoplasm indicated that FBSA had been internalized 

into endocytic vacuoles (Fig. 69, a). The E5 clonal line did not 

display FBSA endocytosis (Fig. 69, b). 

Figure 69. In vitro megalin functionality assay. (a) Fluorescent bovine serum 

albumin (FBSA) (red) uptake was observed in a subset of H6 cells following 1 

hour of incubation at 3rC, whereas (b) no uptake was detected in the E5 clonal 

line. (c) The endocytosis of FBSA was strongly inhibited when H6 cells were 

incubated with RAP or (d) unlabeled BSA. Nuclei were stained with the vital dye 

Hoechst 33342 (blue). 

The uptake of FBSA in H6 cells was then investigated in the 

presence of either receptor-associated protein (RAP) or unlabeled 

bovine serum albumin (BSA), two potential competitors for the 

uptake of FBSA (Zhai et aI., 2000). It was found that in the 

presence of RAP the endocytosis of FBSA was almost completely 
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blocked due to a competitive inhibitory effect of RAP for megalin 

binding (Fig. 69, c). The uptake of FBSA was also greatly reduced 

when the cells were incubated in the presence of unlabeled BSA 

(Fig. 69, d). 

These findings suggested that a fraction of H6 cell population 

could mediate the endocytosis of albumin via the megalin 

receptor. 

6.2.3.2 Co-localization of megalin with fluorescent BSA 

In order to confirm that in H6 cells the endocytosis of albumin 

occurred through the megalin receptor, it was decided to establish 

if there was a co-localization of the endocytic uptake of FBSA with 

megalin. For this purpose, immunostaining for megalin was 

performed on H6 cells following incubation with FBSA (details are 

explained in section 2.5.1). 

Figure 70. Co-localization of megalin and FBSA. (b) Immunofluorescence 

staining performed on H6 cells following incubation with FBSA demonstrated a 

co-localization of FBSA uptake (red) with megalin (green). (a) Nuclei are stained 

with DAPI. 

Figure 70 shows that H6 cells that expressed megalin also 

presented the punctate staining characteristic of the endocytosis 

of FBSA. H6 cells that did not express megalin did not display 
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FBSA uptake (Fig. 70 and data not shown). These results strongly 

suggest an association between megalin and the uptake of 

albumin in H6 cells. Overall these findings demonstrated that a 

subset of the H6 clonal line showed a proximal tubular cell-like 

phenotype and functionality in vitro, as they were able to uptake 

albumin via the megalin receptor. In addition, the endocytosis of 

albumin could be competitively inhibited in the presence of 

receptor-associated protein (RAP) or unlabeled bovine serum 

albumin. 

6.2.3.3 Investigating organic anion transporter functionalitv in the 

H6 elonalline 

The functionality of organic anion transporters (OATs) in vitro was 

initially assessed in E11.5 intact kidney rudiments culture and 

E11.5 reaggregated kidney rudiments. The protocol for the 

functional assay is explained in section 2.5.3. The samples were 

incubated with 6-carboxyfluorescein (6-CF) either in the presence 

or absence of the competitive inhibitor probenecid. The specimens 

were also stained with peanut agglutinin (PNA) in order to identify 

developing epithelial structures (Rosines et aI., 2007). 

Firstly, the functionality of OATs in E11.5 intact kidney rudiments 

was assayed by culturing the samples for a period of 4-6 days. 

The results showed that in E11.5 intact kidney rudiments the 

organic anion transporters had become active after 4 days of 

culture, demonstrated by the accumulation of 6-CF into 

presumptive proximal tubules (Fig. 71, a). After 6 days of culture 

. the uptake of 6-CF into forming proximal tubules was even more 

pronounced than after 4 days (Fig. 71, c). The presence of 
-

probenecid completely inhibited the uptake of 6-CF into 

presumptive proximal tubules (Fig. 71, b and d). 
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No probenecid Probenecid 

Day 4 

Day 6 

Figure 71. Organic anion transporter (OAT) functionality assay performed on 

E11 .5 intact kidney rudiment. 6-CF (green) had started accumulating into 

presumptive proximal tubules after 4 days of culture (a), whereas in the 

presence of probenecid the uptake resulted inhibited (b). Following 6 days of 

culture the uptake of 6-CF into presumptive proximal tubules through OATs was 

more pronounced than after 4 days (c) . The presence of probenecid blocked 6-

CF uptake in specimens cultured for 6 days (d) . Developing epithelial structures 

were stained for peanut agglutinin (PNA) (red). 

To investigate whether reaggrgeated kidney rudiments could form 

functional proximal-like tubules that were able to uptake 6-CF via 

OATs, E11.5 reaggregated kidney rudiments were incubated with 

6-CF following 4-6 days of in vitro culture. 

It was found that OATs in reaggregated kidney rudiments required 

a longer culture period to become active compared with intact 

embryonic kidneys. The specimens were not able to uptake 6-CF 

after 4 days of culture (data not shown). Figure 72, panel a, shows 
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that after 5 days of culture a very limited amount of 6-CF (arrow) 

could be uptaken into presumptive proximal tubules. However, by 

days, the organic anion transporters had become fully active (Fig. 

72, c). As previously observed in intact embryonic kidney 

rudiments, the uptake of 6-CF was completely blocked in the 

presence of probenecid (Fig. 72, b and d). 

No probenecid Probenecid 

Day 5 

Day 6 

Figure 72. Organic anion transporter (OAT) functionality assay performed on 

E11 .5 reaggregated kidney rudiments. The uptake of 6-CF (green) into 

developing proximal tubules was very limited after 5 days of culture (a, arrow). 

Presumptive proximal tubules were able to uptake 6-CF via OATs after 6 days 

of culture (c) . In the presence of probenecid 6-CF uptake was completely 

blocked in reaggregated rudiments after 5 days (c) and 6 days (d) of culture. 

PNA (red) labeled developing epithelial structures. 
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6.2.3.4 Investigating the expression of OAT genes in H6 cells 

The ability of the H6 clonal line to uptake 6-CF through the organic 

anion transporters was investigated by recombining H6 cells with 

E11.5 reaggregated kidney rudiments, using the chimera 

formation assay (see section 2.2.8.2). The results showed that H6 

cells, labelled with quantum dots (00), did not show 6-CF uptake, 

thus suggesting that the organic anion transporters were not 

expressed in the H6 clonal line (data not shown). In order to shed 

light on this assumption, it was decided to investigate whether the 

OAT genes Oat1 , Oat2, Oat3 and OatS, normally expressed in 

mouse kidney proximal tubules (Van Wert et aI., 2010), were also 

expressed in H6 cells. RNA extracted from postnatal mouse 

kidney represented the positive control for the presence of the 

genes examined. 

H6 cells 

Postnatal 
kidney 

Oat1 

Oat1 

Oat2 Oat3 Oat5 j3-act --
Oat2 Oat3 Oat5 j3-act -- - -

Figure 73. RT-PCR performed on H6 cells and postnatal mouse kidney. j3-act: 

internal control. 

The results indicated that none of the OAT genes assayed was 

expressed in H6 cells. In addition, Oat5 was not detected in 

neonatal kidney (Fig. 73). 

Overall these results suggest that a fraction of the H6 clonal line 

displayed a proximal tubular cell-like phenotype as it showed 

megalin functionality; however, they did not express any of the 

OAT genes assayed. Since OATs are mainly expressed in the S2 
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segment of the proximal tubules, whereas megalin is principally 

expressed in the S1 segment, these findings postulate that the H6 

clonal line might be able to give rise to cells present within the first 

segment of the nephron only. 

6.3 Discussion 

The H6 clonal line expressed several stem/progenitor cell and 

MM-specific markers as well as markers for fully differentiated 

renal cells (see chapter 5 for details). It was therefore 

hypothesized that the H6 clonal line could contribute to the 

formation of renal structures. The in vitro nephrogenic potential of 

H6 cells was investigated using the chimera formation assay 

(Unbekandt and Davies, 2010). Quantum dots-labelled H6 cells or 

H6 EFGP+ cells were capable of integrating into nephron-like 

developing structures at a comparable ratio with that of 

metanephric mesenchyme cells following 4 days of culture. It was 

also observed that the H6 clonal line could participate in the 

formation of developing proximal tubules as well as developing 

glomeruli; however, like freshly isolated and cultured MM cells, 

they did not integrate into the ureteric bud. 

Since H6 cells were positive for the proximal tubular markers Aqp1 

and megalin, and could participate in the formation of developing 

proximal tubules, it was hypothesized that a fraction of the H6 cell 

population might comprise proximal tubular-like cells. A megalin 

functionality assay demonstrated that the cells were able to uptake 

. fluorescent-conjugated albumin via the megalin receptor and that 

the endocytosis of albumin could be almost completely blocked in 

the presence of structurally unrelated competitors such as 
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receptor-associated protein (RAP) or unlabelled albumin. Co­

localization of endocytosed albumin with the megalin receptor, 

determined by immunostaining, confirmed that in H6 cells megalin 

mediated the uptake of albumin. Although the H6 clonal line 

displayed a proximal tubular cell-like phenotype, the expression of 

organic anion transporter (OAT) genes, normally present in kidney 

proximal tubules, was not detected. 

In this work it was hypothesized that the H6 clonal line was a 

remnant of the embryonic metanephric mesenchyme present in 

the postnatal mouse kidney. Since all cell types present in the 

mature nephrons derive from the MM (Kobayashi et aI., 2008), it 

was conceivable that H6 cells retained a nephrogenic potential 

and were able to participate in the formation of developing 

nephrons. This assumption was investigated in vitro with the 

chimera formation assay (Unbekandt and Davies, 2010). The 

results unveiled several analogies between the H6 cell population 

and MM cells: similarly with MM cells, the H6 clonal line was able 

to participate in the formation of nephron-like developing 

structures following recombination with E11.5 reaggregated kidney 

rudiments. H6 cells were able to integrate into nephron-like 

developing structures at a ratio of 8.39% ± 0.54%, which 

represents a comparable integration capability with that of cultured 

MM cells. In addition, as with freshly isolated and cultured MM 

cells, the H6 cells did not integrate into the ureteric bud. However, 

it was found that the integration ability of the H6 clonal line into 

developing nephrons was lower than that of freshly isolated MM . 

. This might be due to the fact that, compared with the H6 clonal 

line, the MM represents a more undifferentiated and 

homogeneous cell population already committed to generate all 

cell types present in the nephron. Since the metanephric 
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mesenchyme does not originate US-derivatives (Kobayashi et aI., 

2008; Dressler, 2009; Shah et aI., 2009), these results are in 

agreement with the assumption that the H6 clonal line derived 

from the nephrogenic mesenchyme. In section 5.2.1.2 and section 

5.2.1.4 it was presented that the H6 clonal line did not express the 

transcription factor Pax2. In my work I was found that, like freshly 

isolated and cultured MM, some cells within the H6 cell population 

were able to express Pax2 following recombination with E11.5 

reaggregated kidney rudiments. I also showed that the H6 cell 

population could integrate into developing proximal tubules and 

developing glomerular-like structures. The ability of the cells to 

form developing proximal tubules is in accordance with the fact 

that H6 cells expressed markers for proximal tubules and with the 

capability of a subset of H6 cells to uptake albumin through the 

megalin receptor. Moreover, the ability of the cells to integrate into 

developing glomeruli confirms that some cells within the H6 clonal 

line displayed a glomerular-like phenotype. This result concords 

with previous findings from this work showing that H6 cells could 

give rise spontaneously to cells morphologically similar to 

podocytes (see section 5.2.1.1), as well as with the fact that H6 

cells expressed podocyte-specific markers such as Wt1 , 

synaptopodin and desmin (see section 5.2.1,2 and section 

5.2.1.4). 

Recently, Siegel and colleagues claimed that a clonal line of 

human amniotic fluid stem cells (hAFSC) could participate in the 

formation of renal-like structures following recombination with 

E11.5 reaggregated kidney rudiments (Siegel et aI., 2010) . 

. Although the data presented in this study show that cell tracker­

labelled hAFSC seemed to be able to integrate into US structures , 
-

the ability of these cells to contribute to the formation of 

developing nephron-like structures was not entirely convincing. 
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In this chapter it was also presented that a subset of the H6 clonal 

line showed functionality, as demonstrated by their ability to 

uptake fluorescent albumin through the megalin receptor. The 

punctate staining uniformly distributed within cell cytoplasm 

indicated that fluorescent albumin had been internalized into 

endocytic vacuoles. The results also showed that albumin uptake 

was nearly completely blocked in the presence of either RAP or 

unlabelled albumin, two structurally unrelated molecules. Similar 

results were observed by Zhai and co-workers (Zhai et aI., 2000). 

It has been reported that following the binding with its ligands, 

megalin receptor undergoes a rapid turnover: the receptor is 

internalized and sorted to endosomes, then it is recycled and 

returned to the cell surface. The whole cycle completes in about 

20 minutes (Maurer and Cooper, 2005). The small amount of 

fluorescent albumin internalized into H6 cells in the presence of 

either RAP or unlabelled albumin might be therefore due to the 

rapid turnover of the megalin receptor. 

Kidney proximal tubular cells are characterized by the presence of 

basolateral and apical organic anion transporters (OATs) that 

mediate the secretion of a wide spectrum of molecules from the 

circulatory system into the lumen of proximal tubules (Sweet, 

2005; Sweet et aI., 2006). The functionality of OATs in embryonic 

tissues can be assessed in vitro by looking at the uptake of the 

anionic molecule 6-carboxifluorescin (6-CF) into presumptive 

proximal tubules. The uptake of 6-CF into developing proximal 

tubules can be blocked by incubating the tissues with the OATs 

competitive inhibitor probenecid (Sweet et aI., 2006; Rosines et 

aI., 2007). Since the H6 clonal line exhibited features of proximal 

tubular cells, it was decided to see whether they could uptake 6-

CF through OATs. Surprisingly, it was found that none of the OAT 
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normally present in kidney proximal tubular cells, namely Oat1, 

Oat2, Oat3 and Oat5, were expressed in the H6 cell population. 

The expression of OATs in the H6 clonal line could not be induced 

even in the chimera, as the cells failed to uptake 6-CF following 

recombination with E11.5 reaggregated kidney rudiments. These 

results seem to conflict with the proximal tubular cell-like 

phenotype displayed by a subset of the H6 cell population. 

However, several studies showed that megalin is mainly 

expressed in the 81 segment of kidney proximal tubules, which is 

the subunit responsible for most of the reabsorption of many 

molecules present in the ultrafiltrate (Casarett et aI., 2007; Russo 

et aL, 2007; Nielsen and Christensen, 2010). OATs, on the other 

hands, are largely localized in the 82 segment of the proximal 

tubules, which generally mediates proximal tubular secretion 

(Anzai et aL, 2005; Casarett et aL, 2007; Hwang et aL, 2010). 

Therefore, these evidences suggest that the H6 clonal line might 

be capable of giving rise to renal cells normally resident within the 

first segment of the nephron. It might also be plausible that 

different factors, such as the procedure followed to isolate the cells 

or the culture conditions, influenced the expression profile of the 

H6 cells in such way that the reabsorption machinery represented 

by megalin (and maybe cubulin) receptor was expressed, whereas 

the secretion apparatus depicted by organic anion transporters 

was not present. 

Ronconi and colleagues documented that CD24+ CD133+ human 

renal progenitor cells, resident at the urinary pole of the Bowman's 

. capsule, acted as bi-potent progenitor cells, as they were capable 

of generating both tubular-like and podocytes-like cells in culture 

(Ronconi et aL, 2009). The results present in this chapter, together 

with those showed in chapter 5, unveiled some important 
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similarities between the H6 clonal line and CD24+ CD133+ human 

renal progenitor cells: in fact both cell populations seem to be able 

to give rise to cells present within the first part of the nephron, 

namely podocytes and proximal tubular cells. 
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Chapter 7 

Investigating the in vivo nephrogenic potential of the 

kidney-derived stem cell H6 clonal line 

7.1 Introduction 

In chapter 6 it was shown that a subset of the kidney-derived stem 

cell H6 clonal line was able to differentiate in vitro into functional 

proximal tubular-like cells that could uptake fluorescent albumin 

through the megalin receptor (see section 6.2.3.1). In addition the 

chimera formation assay (Unbekandt and Davies, 2010) revealed 

that the H6 clonal line displayed an in vitro nephrogenic potential 

and was able to integrate into glomerular-like and proximal 

tubular-like structures, but not into the ureteric bud, following 

recombination with E11.S reaggregated kidney rudiments (see 

section 6.2.1). The ability of the H6 clonal line to integrate into 

developing nephrons was comparable with that of metanephric 

mesenchyme cells following 4 days of in vitro culture (see section 

6.2.2). In the final part of this work the behaviour of the H6 clonal 

line in an in vivo mouse model of induced renal injury has been 

investigated. 

Ischemic insults, sepsis, nephrotoxic agents and hypovolemic 

states are the most common causes of acute renal failure (ARF), a 

condition characterized by an abrupt decay in kidney function due 

to an extensive damage of kidney tubules. In rodents, ARF is 

normally detected by measuring levels of blood urea nitrogen 

(BUN) and plasma creatinine, both of which are raised in ARF 

(Humphreys et aI., 2008; Perin et aI., 2010). 

The kidney has a remarkable capability to recover from acute 

injury. Recovery appears to be accomplished by endogenous 
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epithelial cells that rapidly proliferate in response to injury in order 

to replenish damaged tissues (Humphreys et aI., 2008). However, 

in some circumstances the recovery of the kidney from acute renal 

failure is inadequate (Schiffl, 2010) and the disease might 

progress to chronic kidney disease leading to end-stage renal 

disease (ESRD). Acute renal failure is emerging as a worldwide 

health problem. The incidence of ARF ranges from 5% of all 

hospitalized patient to 50% in critical care units (Thadhani et aI., 

1996; Imberti et aI., 2007). It has been reported that approximately 

40% of patient affected by ARF fail to completely recover their 

renal function, with 10% of them requiring renal replacement 

therapies after 5 years (Sagrinati et aI., 2006). 

The mouse has become a common model used to study 

experimental acute renal tubular injury. ARF can be induced in 

mice as a consequence of an ischemic insult (Le., ischemic­

reperfusion injury) caused by transient occlusion of the renal 

pedicles (Humprheys et aI., 2008). ARF can also be caused by 

using drugs that target kidney tubules: for instance Morigi and 

collaborators showed that the antitumor compound cis­

diaminedichloroplatinum (cisplatin) can promote ARF following 

subcutaneous injection in mice (Morigi et aI., 2004). Furthermore, 

kidney tubules undergo extensive damage following intramuscular 

injection of glycerol: this leads to rhabdomyolysis and the 

consequent release of myoglobin in the circulation which reaches 

the kidneys and causes necrosis of tubular epithelial cells. 

However, this model does not affect glomerular structure 

(8ussolati et aI., 2005; Perin et aI., 2010). 

Due to the complexity of the kidney, advances in traditional 

therapeutic treatments have so far been very limited and dialysis 
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or kidney transplantation still represent the only renal replacement 

therapies available for patients with ESRD. However, both of these 

treatments present severe limitations: dialysis cannot fully 

compensate kidney function, might cause infections and requires 

significant lifestyle changes (Kitamura et aL, 2005; 

http://www.kidney.org.uk); the major drawbacks associated with 

kidney transplantation are limited organ availability and the 

requirement for immunosuppressive therapies in order to avoid 

organ rejection (Kitamura et aL, 2005, Knauf and Aronson, 2009). 

The use of stem cells as a therapeutic tool might represent an 

alternative and promising strategy to replenish damaged kidney 

tissues. Several studies have investigated the ability of different 

stem cell types to contribute to the amelioration of renal function in 

mice with acute tubular injury (see section 1.3.2 and Table 2 for 

more details). Bone marrow-derived mesenchymal stem cells 

(MSC) have shown to be able to ameliorate renal function in 

different animal models of ARF (Herrera et aL, 2004; Morigi et aL, 

2004; Herrera et aL, 2007). It has also been suggested that the 

renoprotective effect of MSC might be due to paracrine 

mechanisms, rather than cell engrafiment into damaged tubules 

(Togel et aL, 2005; Imberti et aL, 2007). 

Stem/progenitor cell populations resident in the adult kidney have 

also been investigated for their capacity to contribute to the 

amelioration of kidney damage following acute tubular injury. 

Bussolati and collaborators demonstrated that CD133+ renal 

progenitor cells isolated from the interstitium of adult human 

kidney were able to differentiate into non renal lineages, both in 
-

vitro and in vivo. When injected into severe combined 

immunodeficiency (SCID) mice with glycerol-induced ARF at the 

230 



Chapter 7 

peak of the damage, CD133+ cells could engraft into proximal and 

distal tubules (Bussolati et aI., 2005). CD24+ CD133+ human 

progenitor cells resident within the Bowman's capsule of adult 

human kidney were able to improve renal function following acute 

tubular injury. These cells, inoculated intravenously in SCID mice 

with glycerol-induced ARF at the peak of renal injury, engrafted 

mainly inside the tubules and, to a lesser extent, in the interstitium 

and glomeruli. An appreciable improvement of the renal function 

compared with saline-injected mice was observed one week after 

cell inoculation (Sagrinati et aI., 2006). 

More recently, a population of mouse kidney progenitor cells 

(MKPC) has proven to have the ability to engraft into renal tubules 

and capillaries and improve renal function following injection in a 

mouse model of ischemia-reperfusion-induced acute tubular injury, 

immediately after the reperfusion (Lee et aI., 2010). 

The renoprotective ability of human amniotic fluid stem cells 

(hAFSC) has been investigated in a mouse model of ARF induced 

by glycerol injection. As discussed in section 1.3.2.5, hAFSC 

exhibited self-renewal capacity, clonogenic ability, expressed 

many stem cell markers, and displayed multi-lineage differentiation 

capability. Following injection into the renal cortex of ARF-induced 

mice concomitantly with the induction of renal damage, hAFSC 

were able to engraft into damaged tubules, improve both renal 

function and morphology, and stimulate tubular cells to undergo 

proliferation. Interestingly, when the cells were injected into mice 

. at the peak of renal injury, 3 days after glycerol injection, no 

beneficial effects were observed (De Coppi et aI., 2007; Perin et 

aI., 2010). In contrast with these results, Hauser and co-workers 

demonstrated that hAFSC exerted a renoprotective effect when 
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inoculated at the peak of renal damage into the tail vein of a SCID 

mouse model of glycerol-induced ARF (Hauser et aI., 2010). 

The H6 clonal line might constitute a remnant of the embryonic 

metanephric mesenchyme present in the postnatal mouse kidney. 

Renal-specific gene expression profiling showed that the H6 clonal 

line expressed MM-specific markers and markers normally found 

in adult kidney (see section 5.2.1.2 and section 5.2.1.4). The H6 

clonal line was also shown to have the ability to maintain a 

nephrogenic potential in vitro as it was able to integrate into 

developing nephrons, glomeruli and proximal tubules following 

recombination with E11.5 reaggregated kidney rudiments (see 

section 6.2.1). 

In the final part of this work investigations were undertaken to 

determine whether the nephrogenic potential of the H6 clonal line 

could also be retained in vivo. Since a subset of the H6 clonal line 

showed a proximal tubular cell-like phenotype (see section 6.2.3), 

it was decided to explore the in vivo nephrogenic ability of the cells 

using a mouse model of acute renal tubular failure (ARF-induced 

mice), which was induced by intramuscular injection of glycerol. 

Enhanced green fluorescent protein (EGFP)-transfected H6 cells 

(EGFP+ H6 cells) were inoculated into the tail vein of ARF-induced 

mice, at the peak of renal damage, with the purpose to see 

whether the cells were able to engraft into damaged kidney 

tubules, ameliorate renal function and stimulate tubular cell 

proliferation. Previous studies have demonstrated that in mouse 

the peak of tubular injury, assessed by measuring the levels of 

blood urea nitrogen (BUN) and serum creatinine, was observed 

three days after glycerol injection (Zager et aI., 2001; Bussolati et 

aI., 2005; Perin et aI., 201 O;~ Hauser et aI., 2010; Dr. Stefania 

Bruno, University of Turin, personal communication). Ronconi and 
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collaborators reported that, following inoculation into the tail vein, 

some CD24+ CD133+ adult human renal progenitor cells displayed 

a non-specific engrafiment into the lung of ARF-induced mice 

(Ronconi et aL, 2009). Therefore, a second objective of this work 

was to determine whether any of the H6 cells colonized non-target 

organs, such as the lung, spleen or liver, following introduction 

unto the circulation of ARF-induced mice via the tail vein. It was 

also important to determine whether the H6 clonal line could form 

tumours when inoculated into mice. This question was answered 

by subcutaneously inoculating the cells into healthy mice and 

chasing them for a period of 6 weeks. 

7.2 Results 

7.2.1 Establishing the acute renal tubular injury model in CD1 

mice 

As yet, most of rhabdomyolysis-induced acute renal failure studies 

have been conducted in immunocompromised mice, as the 

stem/progenitor cell populations investigated have been of human 

origin (Bussolati et aL, 2005; Sagrinati et aL, 2006; Lazzeri et aL, 

2007; Perin et aL, 2010). Given that the H6 clonal line originally 

derived from the out-bread strain CD1, in this work it was elected 

to use the CD1 mouse strain. 

7.2.1.1 Determining the presence of the gene Sry in the H6 clonal 

line 

. At the beginning of this part of the work it was decided to 

determine the sex of the H6 clonal line. The reason for this was 

that if the cells were of male origin, then it would be possible to 
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detect them in female host tissues using fluorescent in situ 

hybridization (FISH) for the Y chromosome. Sex determination of 

the H6 clonal line was carried out by searching for the presence of 

the Y chromosome-specific gene Sry (Koopman et aI. , 1991) by 

PCR, performed on genomic DNA isolated from H6 and H6 EGFP+ 

cells (see section 2.9.2 and section 2.9.6). Genomic DNA 

extracted from E13.5 mouse male embryos was used as a positive 

control for the presence of the Sry gene, whereas genomic DNA 

isolated from E13.5 mouse female embryos DNA was used as a 

negative control. 

The results demonstrated the female origin of the H6 clonal line, 

as the gene Sry was not detected in the genome of H6 cells and 

H6 EGFP+ cells (Fig. 74 and data not shown). 

Sry fJ-act 

H6 «E13.5 d'E13.5 H6 «E13.5 d'E13.5 

Figure 74. PCR performed on genomic DNA isolated from H6 cells. The PCR 

demonstrated that the H6 clonal line was of female origin, as the Y 

chromosome-specific gene Sry was not detected. The gene was present in the 

genome of E13.5 mouse male embryos and absent in the genome of E13.5 

mouse female embryos. fJ-act: b-actin, reference gene. 

It was then decided to use immunohistochemical staining for 

EGFP to detect H6 EGFP+ cells within ARF-induced mouse 

organs. Male animals were chosen as a previous study conducted 

on this injury model was carried out with male CD1 mice (Zager et 

al. , 2001). 
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7.2.1.2 Optimization of glycerol dose in mice 

For the purpose of this work it was important to determine the 

optimal dose of glycerol that would cause acute renal tubular 

failure in male CD1 mice with minimal mortality. The first attempt 

was to induce ARF using a dose of 8.5 ml/Kg body weight of 

glycerol, injected into both hind limbs. The efficacy of this 

treatment was demonstrated in an earlier study by Zager and 

colleagues (Zager et aI., 2001). Mice were killed at the peak of 

renal injury, 3 days after glycerol injection. The presence of renal 

damage was determined by assessing the renal morphology and 

measuring both BUN and serum creatinine concentration. Basal 

levels of BUN and creatinine were determined in healthy mice. 

The results revealed that this dose of glycerol failed to cause ARF 

in male CD1 mice, as both BUN and creatinine levels of glycerol­

injected mice measured three days after injection were similar with 

those of healthy, untreated animals (data not shown). It was then 

decided to increase the dose of glycerol to 9 ml/Kg body weight, a 

condition already investigated by Zager and co-workers (Zager et 

aI., 2008). The results demonstrated that a dose of 9 ml/Kg body 

weight of glycerol could induce ARF in male CD1 mice. Figure 75 

shows the normal morphology of a healthy kidney (a, b) and the 

typical acute tubular damage caused by intramuscular injection of 

glycerol (c, d). Compared with healthy organs, ARF-induced 

mouse kidneys presented extensive tubular damage, brush border 

disruption, tubular necrosis and protein cast formation (arrows). 

However, most of glomeruli (G) remained intact. 
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Figure 75. Haematoxylin and eosin staining of paraffin-embedded kidney 

sections. Control , healthy kidneys presented a normal morphology in which 

tubules and glomeruli (G) were intact (a , b). Morphological alterations were 

evident three days after intramuscular injection of 9 mllKg body weight of 

glycerol: renal tubules showed extensive damages with loss of brush border, 

tubular necrosis and protein cast formation (arrows). Most of glomeruli (G) 

though, remained intact (c, d). 

BUN and creatinine concentration measured in healthy mice (n=6) 

were 23.58 ± 7.03 mg/dL and 0.54 ± 0.10 mg/dL, respectively. 

BUN concentration was similar with the value of 25-30 mg/dL 

observed in a previous study (Zager et aL , 2001). The levels of 

these biomarkers significantly increased th ree days after 

intramuscular injection of 9 ml/Kg body weight of glycerol: in ARF­

induced mice (n=6) BUN concentration rose to 90.64 ± 37.24 

mg/dL (Student's t-test: P < 0.05) whereas creatinine 

concentration reached 2.12 ± 1.21 mg/dL (Student's t-test P < 

0,05) (Fig. 76). 
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Figure 76. Blood urea nitrogen (BUN) (a) and serum creatinine (b) 

concentrations measured in healthy mice (n=6) and in ARF-induced mice three 

days after injection of 9 ml/Kg body weight of glycerol (n=6). Both BUN and 

creatinine concentrations were significantly higher in ARF-induced mice 

compared with healthy animals (Stu?ent's t-test: P < 0.05). Error bars indicate 

standard deviations of the means. 
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However, it was observed that a rather high mortality rate 

accompanied the increased dose of glycerol, as 5 out of 15 ARF­

induced mice died within 3 days of the induction of damage. Given 

that the lower dose of glycerol did not induce ARF, it was decided 

to continue this study using a dose of glycerol of 9 mllKg/body 

weight. 

7.2.2 Investigating the ability of the H6 clonal line to engraft 

into ARF-induced mouse kidneys 

The ability of the H6 clonal line to engraft into kidneys with acute 

tubular injury was investigated by inoculating 8 x 105 H6 EGFP+ 

cells, resuspended in 150 f.ll of PBS, into the tail vein of glycerol­

induced ARF mice, three days after the induction of damage. 

Animals were killed 2, 5 and 9 days after cell inoculation. Since 

previous studies have documented that the mouse kidney nearly 

completely recovers from acute injury after 2 weeks from the initial 

damage (Zager et aI., 2001; Perin et aI., 2010), in the present 

study mice were killed 12 days after glycerol injection as the latest 

time point. Controls comprised mice that were injected with 

glycerol, then inoculated with 150 f.ll of sterile PBS and examined 

together with H6 EGFP+ cell-injected mice (see section 2.6.3). The 

strategy followed to inoculate the cells into ARF-induced mice is 

illustrated in Figure 77. 

H6 cells 
Samples Samples Samples 

Glycerol 
inoculation collection collection collection 

injection Control: PBS (2d) (5d) (9d) 

I I I I I 
T=O Day 3 Day 5 DayS Day 12 
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Figure 77. Strategy followed to investigate the ability of the H6 clonal line to 

engraft into and participate in the recovery of ARF-induced mouse kidneys. H6 

EGFP+ cells were inoculated into the tail vein of ARF-induced mice three days 

after intramuscular injection of glycerol into the hind limb muscles. The animals 

were killed 2, 5 and 9 days following cell inoculation. Control animals were 

injected with sterile PBS. 

The renal damage was evaluated by measuring both BUN and 

creatinine concentration in ARF-induced mice when they were 

killed (see section 2.6.4). Since the EGFP signal was never 

detectable after sample preparation, the first attempt to detect H6 

EGFP+ cells engrafted into glycerol-induced ARF mouse kidneys 

was by using immunofluorescence staining for GFP. However, it 

was observed that damaged kidneys showed a very high level of 

autofluorescence (data not shown). Therefore, it was decided to 

detect H6 EGFP+ cells by chromogenic immunohistochemistry 

(see section 2.8.6). 

7.2.2.1 Immunohistochemical staining to detect the presence of 

H6 cells in host kidney 

Immunohistochemistry results showed that H6 EGFP+ cells 

(arrows) were able to reach the kidney and could be detected at 2, 

5 and 9 days after inoculation into the tail vein of ARF-induced 

mice (Fig. 78, a-f). Moreover, it was observed that the cells did not 

engraft either in the interstitium, or inside glomeruli (G) (Fig. 78, a-f 

and data not shown). 
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Figure 78. Immunohistochemical staining for EGFP performed on paraffin­

embedded kidney sections of ARF-induced mice. The staining demonstrated 

. the presence of H6 EGFP+ cells (arrows) engrafted into damaged tubule 2 (a, 

b), 5 (c, d) and 9 (e, f) days after cell inoculation. No cells were found either in 

the interstitium or inside glomeruli (G). (g , h) Section of PBS-injected ARF­

induced kidneys (Control) did not show any unspecific staining for EGFP. 
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Sections of kidneys injected with PBS did not show any unspecific 

EGFP staining (Fig. 78, g and h) . Negative control, where primary 

antibody was omitted, did not show any staining (data not shown). 

7.2.2.2 Cytofluorimetric analysis to confirm the ability of H6 cells to 

engraft into host kidney 

In order to confirm the presence of H6 EGFP+ cells in ARF­

induced mouse kidneys, cytofluorimetric analysis was carried out 

on single-cell disaggregated ARF-induced kidneys two days after 

cell inoculation (see section 2.7.2 for details). PBS-injected 

kidneys were used as control. The results showed a positive signal 

for GFP that ranged from 0.15% to 3.88% (n=4) (Fig 79, band 

data not shown), thus indicating the engraftment of H6 cells into 

cell-inoculated ARF-induced mouse kidneys. Interestingly, the 

sample that showed the highest percentage of cell engraftment 

was also the most damaged kidney, as indicated by blood urea 

nitrogen (BUN) and serum creatinine concentrations (data not 

shown). Control samples (n=2) showed an unspecific signal for 

GFP that ranged from 0.67% to 1.92% (Fig. 79, a and data not 

shown). 
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Figure 79. Flow cytometry analysis performed on single-cell disaggregated 

ARF-induced mouse kidneys. (b) H6 EGFP+ cells were present into cell­

inoculated kidneys (n=4). The highest percentage of integrated cells was 

3.88%. (a) Kidneys injected with PBS (n=2) showed an unspecific EGFP signal. 

7.2.3 Investigating the unspecific engraftment of the H6 clonal 

line 

In this work it was important to clarify whether following inoculation 

into the circulation of ARF-induced mouse, the H6 cells engrafted 

in other organs than the kidney. In order to check for unspecific 

cell engraftment, small pieces of lung, spleen and liver of cell­

inoculated ARF-induced mice were analysed by 

immunohistochemistry to detect the presence of EGFP+ cells (see 

section 2.8.7). As control, PBS-injected animals were used. 

Immunohistochemical staining demonstrated the absence of H6 

EGFP+ cells within lung, spleen and liver of ARF-induced mice 

treated with cells (Fig. 80. b, d, f) which indicated that the H6 

clonal line was able to engraft only into the kidney. Control tissues 

did not show any background signal (Fig. 80, a, c, e). Negative 

controls, where the primary antibody was omitted, did not show 

any staining (data not shown). 
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PBS H6 EGFP+ cells 

Figure 80. Immunohistochemical staining for EGFP performed on frozen 

sections of lung (a, b) , spleen (c, d) and liver (e , f) of ARF-induced mice. EGFP+ 

cells did not engraft into these organs (b, d, f) . Organs dissected from PBS­

injected ARF-induced mice (control) did not present unspecific staining for 

EGFP (a, c, e) . 

7.2.4 Investigating the ability of the H6 clonal line to 

differentiate into renal tubular cells 

In chapter 5 and chapter 6 it was shown that the H6 clonal line 

could give rise to proximal tubular-like cells that expressed 

markers for proximal tubules, such as Aqp1 and megalin (see 

section 5.2.1.2 and section 5.2.1.4), were able to integrate into 

developing proximal tubules following recombination with 

reaggregated kidney rudiments (see section 6.2.1) and showed 
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megalin functionality in vitro (see section 6.2.3). In this work it was 

decided to investigate whether the H6 cells that engrafted into the 

damaged tubules following induced injury, were able to adopt a 

proximal tubule cell fate. To this end, immunohistochemical 

staining for EGFP and megalin was performed on consecutive 

kidney sections (see section 2.8.6 for details). 

Figure 81. Immunohistochemical staining for EGFP and megalin performed on 

consecutive paraffin-embedded kidney sections of ARF-induced mice. H6 

EGFP+ cells (arrows in a and c) were able to engraft into damaged kidney 

proximal tubules, and appeared to differentiate to form proximal tubule cells, as 

evidenced by the fact that they expressed megalin at their apical surface 

(arrows in b and d). Kidneys were dissected 2 and 9 days after cell inoculation . 

The results showed that most, if not all, H6 EGFP+ cells (arrows in 

Fig. 81, a and c) that engrafted into proximal tubules expressed 

megalin, which was localized to the apical surface of the cells 

(arrows in Fig. 81, b and d). The negative control, in which megalin 
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antibody was omitted, did not show any positive staining (data not 

shown). 

These findings demonstrated that the H6 EGFP+ cells that 

engrafted into the proximal tubules appeared to have differentiated 

to proximal tubule cells, as evidenced by the fact that they 

expressed megalin that was localized to their apical surface. 

These megalin-positive cells were still detectable up to 9 days (the 

latest time point tested) after inoculation into the tail vein of 

glycerol-induced ARF-mice. 

7.2.5 Evaluating the renal function of ARF-induced mice 

following H6 EGFP+ cells inoculation 

To determine whether the presence of H6 EGFP+ cells could 

contribute to the improvement of renal physiology of ARF-induced 

mice, both blood urea nitrogen (BUN) and serum creatinine 

concentrations were determined 2, 5 and 9 days following cell 

inoculation (see section 2.6.4); these levels were then compared 

with those determined in PBS-injected ARF-induced mice. Results 

are shown in Table 19 and Figure 82. 
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Table 19. Blood urea nitrogen (BUN) (mg/dL) and serum creatinine concentrations (mg/dL) measured in healthy and ARF-induced mice. The 

animals were inoculated with 8 x 105 H6 EGFP+ cells or injected with 150 I.d of PBS and the levels of BUN and serum creatinine measured after 

2 (n=12 for experimental animals, n=8 for control animals), 5 (n=6 for experimental animals, n=3 for control animals) and 9 days (n=3 for both 

experimental and control animals). Healthy: no renal damage; Glycerol: BUN and serum creatinine were measured 3 days after the induction of 

renal damage. Results are expressed as mean ± standard deviation of BUN and serum creatinine concentrations. 

Healthy Glycerol 
2 Days 5 Days 9 Days 

H6 EGFP+ cells PBS H6 EGFP+ cells PBS H6 EGFP+ cells PBS 

BUN 23.5 ± 7.0 90.6 ± 37.2 75.1 ± 27.3 81.0 ± 18.2 71.0 ± 28.1 87.8±18.1 40.1± 14.9 41.9 ± 20.7 I 

Serum creatinine 0.5 ± 0.1 2.1 ± 1.2 1.1 ± 0.4 1.0±0.4 0.8 ± 2.4 0.9 ± 0.3 0.5 ± 0.1 0.4 ± 0.1 

_. 
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Figure 82. Evaluation of renal function in healthy and ARF-induced mice. Blood 

urea nitrogen (BUN) (a) and serum creatinine (b) concentrations measured in 

healthy mice (white bars), in ARF-induced mice three days after glycerol 

injection (black bars), and in ARF-induced mice that were inoculated with 8 x 

105 H6 EGFP+ cells (light gray) or injected with PBS (dark gray) after 2, 5 and 9 

days. Three days after glycerol injection BUN and creatinine levels were 

considerably higher in ARF-induced mice than in healthy animals (Student's t­

test, P < 0.05). The results show that by the 1ih day after glycerol injection (i.e. 

9 days following stem cell or PBS injection), BUN and serum creatinine levels 

had almost returned to baseline levels (n=3 in each group studied) (ANOVA, P 

> 0.05). The levels of BUN and serum creatinine in animals inoculated with H6 

EGFP+ cells were not significantly lower than in control animals at all time points 

studied; i.e. day 2 (n=12 for experimental animals, n=8 for control animals); day 

5 (n=6 for experimental animals, n=3 for control animals) or day 9 (n=3 for both 

experimental and control animals) (Student's t-test, P > 0.05). Error bars 

indicate the standard deviations of the means. 

As shown in section 7.2.1.2, the injection of glycerol significantly 

raised both BUN and serum creatinine levels compared with 

healthy animals (Fig. 76). The results, showed in Figure 82, 

documented that the renal function of glycerol-induced ARF-mice 

improved throughout the period studied and that ARF-induced 

mouse kidneys showed a functional recovery 12 days after 

glycerol injection, as both BUN and creatinine levels were 

comparable with the concentrations measured in healthy animals 

(ANOVA, P > 0.05). However, it was also observed that at each 

time point investigated, the presence of H6 EGFP+ cells did not 

lead to an appreciable improvement of the renal function 

compared with animals injected with PBS (Student's t-test 

between animal groups, P > 0.05). 
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7.2.6 Determining the proliferative activity of ARF-induced 

mouse kidney tubular cells 

The proliferative activity of ARF-induced mouse kidney tubular 

cells was evaluated 2, 5 and 9 days after H6 EGFP+ cell 

inoculation or PBS injection by counting the number of either 5-

bromo-2-deoxyuridine (BrdU) or PCNA positive cells present in the 

renal tubules of ten randomly chosen microscope fields of the 

renal cortex observed at 400 X magnification (see section 2.6.5 for 

details) (Fig. 83). Both BrdU and PCNA staining results, expressed 

as number of positive cells, indicated that the proliferative activity 

of ARF-induced kidney tubular cells progressively decreased 

throughout the period investigated. Although the results were not 

significantly different (Student's t-test between animal groups, P > 

0.05), the numbers of proliferating tubular cells appeared to be 

higher in H6 EGFP+ cell-inoculated mice compared with PBS­

injected animals (Fig. 84). 

BrdU PCNA 

Figure 83. Immunohistochemical staining for BrdU and peNA performed on 

paraffin-embedded kidney sections of ARF-induced mice. Black arrows indicate 

. BrdU-positive (a) or PeNA-positive (b) tubular cells. Red arrows pOint to 

interstitial or glomerular cells positive for either BrdU (a) or peNA (b). The 

figures are representative of an ARF-induced mouse killed 2 days after cell 

inoculation . 
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Figure 84. Evaluation of tubular cell proliferation in ARF-induced mice. The 

proliferative activity of ARF-induce mouse kidney tubular cells, assessed by 

immunohistochemical staining for 5-bromo-2-deoxyuridine (BrdU) (a) and PCNA 

(b), decreased throughout the period studied. No differences with statistical 

relevance were found between the proliferative activity of tubular cells of 

kidneys inoculated with 8 x 105 H6 EGFP+ cells (light grey) and the proliferative 

capacity of PBS-injected kidney tubular cells (dark grey) (Student's t-test 

between animal groups, P > 0.05). Results are expressed as number of cells 

positive for either BrdU or PCNA present in ten randomly chosen microscope 

fields of the renal cortex observed at 400X magnification. The number of 

samples analysed was the same of those analysed for BUN and creatinine 

levels. Error bars indicate standard deviations of the means. 

7.2.7 Investigating the tumorigenic potential of the H6 clonal 

line 

In order to investigate the tumorigenic potential of the H6 clonal 

line, in this work it was decided to subcutaneously inoculate 2 x 

106 H6 EGFP+ cells in healthy mice (n=5) (see section 2.6.6). An 

earlier study demonstrated that a tumorigenic line, derived from 

human renal carcinoma, could form tumours 3 weeks following 

subcutaneous inoculation in SCID mice (Bussolati et aI., 2008). 

When examined 6 weeks after H6 cell inoculation, no tumours 

were evident in any of the animals. 

Overall these findings demonstrated that the H6 clonal line was 

able to reach the kidney and engraft into proximal tubules of 

glycerol-induced ARF-mouse kidneys. Furthermore, the engrafted 

cells displayed apical expression of megalin, suggesting that they 

had differentiated to proximal tubule cells. The results also showed 

. no evidence of cell engraftment into non target organs, such as 

the lung, spleen and liver, in the ARF-induced mice, and there was 

no evidence that the H6 cells were capable of forming tumours. 

However, the presence of H6 EGFP+ cells in the injured kidneys 
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did not reduce the levels of BUN and serum creatinine, and 

although the presence of H6 cells appeared to increase tubular 

cell proliferation in the initial stages of injury, the number of BrdU+ 

and PCNA+ cells in injured kidneys was not significantly higher in 

the ceil-inoculated group compared to controls. 

7.3 Discussion 

The nephrogenic ability of the H6 clonal line was investigated in 

vivo using a mouse model of acute renal failure (ARF), which was 

induced by intramuscular injection of glycerol into the hind limb 

muscles. In this work it was decide to inoculate 8 x 105 H6 EGFP+ 

cells into the tail vein of ARF-induced mice at the peak of renal 

injury (Zager et aI., 2001; Bussolati et aI., 2005; Perin et aI., 2010; 

Hauser et aI., 2010; Bruno, University of Torino, personal 

communication), with the aim of seeing whether the cells were 

able to engraft into their target organ, the kidney, differentiate 

appropriately and improve kidney function following an acute 

insult. Immunohistochemical staining and cytofluorimetric analysis 

demonstrated that H6 EGFP+ cells were able to reach the kidney, 

engraft into proximal tubules and display a correct spatial 

expression of megalin, which was found on the apical surface of 

the tubules. The cells were detected at the latest time point 

investigated (9 days following inoculation) and were not detected 

in non-target organs, such as the lung, spleen and liver, 

suggesting that engraftment only occurred in the kidney. Kidney 

functionality analysis suggested that the H6 clonal line was not 

able to accelerate the recovery of the kidney throughout the period 

studied, compared with PBS-injected animals. In addition, the 

252 



Chapter 7 

number of proliferating kidney tubular cells did not significantly 

increase following H6 EGFP+ cell engrafiment. Last but not least, 

the H6 clonal line did not show any tumorigenic activity when 

subcutaneously injected for 6 weeks into healthy mice. 

Intramuscular injection of glycerol induces an acute renal tubular 

damage due to rhabdomyolysis and the consequent release of 

myoglobin from muscles. In this work it was initially decided to 

induce ARF in male CD1 mice by intramuscular injection of 8.5 

mllKg/body weight of glycerol, as previously reported by Zager 

and colleagues in a study carried out on the same mouse strain 

(Zager et aI., 2001). However, I observed that this dose of glycerol 

failed to induce ARF in the animals used, as both blood urea 

nitrogen (BUN) and creatinine levels measured in ARF-induced 

mice were similar with those of healthy animals. It was therefore 

decided to increase the dose of glycerol to 9 mllKg/body weight, a 

condition already assessed (Zager et aI., 2008). I documented that 

the increased dose of glycerol could induce ARF in male CD1 

mice, as shown by both morphological and functional studies. 

However, I also observed that the CD1 mouse strain was 

particularly sensitive to the increased dose of glycerol, as two 

main problems were encountered: firstly, the functional studies 

demonstrated that the renal damage was highly variable, with 

some animals being only slightly damaged and others being 

strongly affected. Secondly, a high mortality rate was observed, as 

25% of the animals used in this study died following glycerol 

injection. Most of the deaths occurred within 5 days from the 

. injection of glycerol, which approximately corresponded with the 

peak of renal injury. Since the animals were housed according 

with standard conditions and the induction of the damage was 

carried out using well-established protocols, in this work it was not 

253 



Chapter 7 

possible to find out what caused such a large variation in the 

degree of the renal damage among different animals. 

Nevertheless, this variability has been already observed by Zager 

and colleagues in two earlier studies (Zager et aI., 2001; Zager et 

aI., 2008), which suggests that the CD1 mouse strain might not 

represent the ideal genetic background to study the effects of 

glycerol-induced acute renal failure. It has also been postulated 

that the age of mice might influence the severity of renal damage 

following glycerol injection. In fact 3-4 week old male CD1 mice 

appeared to be more resistant to glycerol-induced ARF than 9-10 

week old mice. Interestingly, 5-6 week old mice, that represented 

an intermediate time frame between the injury-resistant phenotype 

and the injury-sensitive phenotype, displayed the greatest 

variability in the severity of renal damage, compared with the other 

two age groups (Zager et aI., 2008). Given that in the present 

study 5-8 week old mice were used, it is possible that some of the 

mice were more sensitive to glycerol injection and showed a 

higher variability of the degree of renal damage than other 

animals. The high mortality rate may be due to the strong insult 

given by the intramuscular injection of glycerol, which not only 

induces ARF but also causes a serious muscular injury. Indeed, in 

some cases, the animals died within 6 hours after the injection of 

glycerol, suggesting that either the muscular injury or the 

anaesthesia, or the combined effect of these two agents, might 

have been the main cause of death, as renal function would not be 

greatly affected at this time point. Due to the seriousness of the 

glycerol treatment, in future a different strategy to induce acute 

renal failure in mice might be preferred. The folic acid (FA) model, 

for instance, might represent a valid alternative since following 

intraperitoneal injection, it induces transient ARF which also 

progresses to chronic kidney disease (Long et aI., 2008). In 
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addition, folic acid appears to induce a more reproducible kidney 

injury than glycerol, which is accompanied by a very low mortality 

rate of < 5% (Long et aI., 2001). 

The ability to engraft into a target organ or tissue represents a 

critical feature for a stem/progenitor cell population. In this work it 

was decided to inoCUlate 8 x 105 H6 EGFP+ cells, as it 

represented a number very close to the single injection of 7.5 x 

105 of adult human CD24+ CD133+ renal progenitor cells 

inoculated by Ronconi and colleagues in SCID mice (Ronconi et 

aI., 2009). The animals were inoculated at the peak of renal injury, 

as it was decided to follow a protocol which had been well­

established in the laboratory where these studies were carried out. 

I observed that following inoculation into the circulatory system of 

ARF-induced mice, the H6 clonal line was able to reach the kidney 

and engraft mostly, if not exclusively, into proximal tubules for up 

to 9 days (the latest time point tested), as immunohistochemical 

staining for EGFP and megalin demonstrated. Engrafted cells 

expressed mega lin on the apical surface of proximal tubules, thus 

showing a correct spatial expression of this receptor (Zhai et aI., 

2000). Flow cytometry analysis confirmed the engraftment of H6 

EGFP+ cells into ARF-induced kidneys 2 days after cell 

inoculation, with the percentage of integration ranging from 0.15% 

to 3.88%. Interestingly, the highest and the lowest percentages of 

cell engraftment were found in the most injured and less injured 

animals, respectively. Although these results confirmed the 

presence of H6 cells in ARF-induced kidneys, it cannot be 

. concluded that in the animal model studied the cell engraftment 

increases as the renal damage worsens. In fact flow cytometry 

showed that also kidneys injected with PBS gave an unspecific 

EGFP signal which ranged between 0.67% and 1.92%. Since this 
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variable background signal was most likely due to the presence of 

dead host cells and/or host cell debris within the cell suspension 

analysed by flow cytometry, it is conceivable that such variable 

background also affected the analysis of cell-inoculated ARF­

induced kidneys. 

As expected, no EGFP-expressing cells were found inside 

glomeruli. This was most likely due to the fact that the ARF model 

used in this study did not damage or alter the glomerular structure 

(Perin et aI., 2010). Moreover, the absence of H6 EGFP+ cells 

within ARF-induced mouse lung, spleen and liver confirms the lack 

of unspecific cell engraftment and hints that the H6 clonal line 

might be fully committed to engraft into the kidney. This represents 

a remarkable feature of the H6 clonal line, as the engraftment into 

a non-target organ might induce the cells to differentiate into 

distinct cell lineages with the consequent formation of ectopic 

tissues that can compromise organ functionality. Since no EGFP­

expressing cells were found within organ sections analysed by 

immunohistochemical staining, in order to confirm the absence of 

non-specific H6 cell engraftment in future it would be important to 

analyse these organs by performing peR for the EGFP sequence. 

These findings, together with the chimera formation assay and the 

in vitro functional studies, strongly support the assumption that a 

fraction of the H6 clonal line exhibited a proximal tubular cell-like 

phenotype, which could therefore be committed to contribute to 

kidney proximal tubule regeneration after injury. Further analysis 

may elucidate the percentage of inoculated cells that can engraft 

. into kidney proximal tubules of ARF-induced mice; besides, it 

would be of great interest to investigate how long the cells can 

persist into the kidney. 
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As reported in section 1.3.2, several stem/progenitor cell 

populations, both from human and mouse origin, have shown the 

ability to improve the recovery of mouse kidney with acute tubular 

failure following engraftment into damaged tubules (Morigi et aI., 

2004; Herrera et aI., 2004; Sagrinati et aI., 2006; Lazzeri et aI., 

2007; Lee et al. 2010; Perin et aI., 2010). Although the H6 clonal 

line was able to reach the kidney and engraft into proximal 

tubules, as cytofluorimetric analysis and immunohistochemical 

staining show, it was observed that the presence of H6 EGFP+ 

cells could not appear to improve the recovery of damaged 

kidneys, compared with animals injected with PBS. It might be 

hypothesized that the H6 clonal line was able to induce some 

beneficial effects on injured kidneys, however these effects might 

have been masked by the high variability of the severity of renal 

damage. Recently, Perin and colleagues documented that hAFSC 

were capable of improving renal function of ARF-induced 

immunocompromised mice when injected into the renal cortex a 

few hours after the induction of renal damage. Interestingly, these 

authors observed that hAFSC did not have any renoprotective 

effect when mice were treated at the peak of renal injury, thus 

demonstrating that the timing of cell inoculation was critical (Perin 

et aI., 2010). It might therefore be speculated that the timing of H6 

EGFP+ cell inoculation into male CD1 mice was crucial as well, 

and that the H6 clonal line might not be able to induce any 

functional improvement when inoculated at the peak of injury, a 

condition characterized by extensive renal tubular damage. 

Nevertheless, the cells might be able to exert a renoprotective 

. effect when administered in ARF-induced mice concurrently at the 

induction of the renal damage. It would therefore be of great 

interest to investigate these aspects in future by treating the mice 

with the cells contemporaneously with the induction of renal 
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damage. In the present study the effect of the H6 clonal line on 

ARF-induced mouse kidneys was assessed on the basis of two 

biochemical parameters only, BUN and serum creatinine 

concentrations. In order to better understand the effect of H6 cells 

on ARF-induced mouse kidneys, besides assessing the renal 

function, in future it would be important to perform a morphological 

analysis of injured kidneys by using histochemical parameters 

(Long et aI., 2008). 

The injury model used in this study allowed the investigation of the 

short-term renoprotective effects of a given stem/progenitor cell 

population on injured kidneys. In fact my Thesis and earlier studies 

(Zager et aI., 2001; Perin et al. 2010) showed that mouse kidneys 

nearly completely recovered from acute injury 12-14 days after 

glycerol injection. It cannot be ruled out that the H6 cells might be 

able to exert a long-term renoprotective effect on injured kidney, a 

question that cannot be answered by the injury model used here. 

For this reason, in future it would be of great interest to investigate 

the ability of the H6 clonal line to confer a long-term renoprotective 

effect in a mouse model of chronic kidney injury. 

In this work it was observed that tubular cell proliferation, 

assessed by immunohistochemical staining for BrdU and peNA, 

decreased throughout the period studied. These data, together 

with the reduction of both BUN and creatinine levels observed 

during the same period, demonstrated that the kidney physiology 

resolved back to normal 12 days after the induction of acute 

. tubular injury. However, it was also noticed that the presence of 

H6 EGFP+ cells within ARF-induced mouse kidney proximal 

tubules did not significantly increase the number of prOliferating 

tubular cells, compared with PBS-injected ARF-induced mice. As 
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postulated before, a possible increment in the number of 

proliferating tubular cells, due to the presence of H6 cells 

engrafted into damaged tubules, might have been veiled by the 

high variability of the degree of renal damage. The results 

presented in this chapter cannot rule out that the H6 clonal line 

might exert a positive effect on kidney regeneration following acute 

tubular injury. For example, the H6 clonal line might contribute to 

reduce tubular proteinuria by expressing the megalin receptor, 

which is involved in the reabsorption of proteins present in the 

glomerular ultrafiltrate (Nielsen and Christensen, 2010). Since the 

excess of protein is potentially harmful for distal tubules (Nielsen 

and Christensen, 2010) the H6 clonal line might be able to protect 

the distal segments of the nephron from inflammation, fibrosis and 

development of chronic kidney disease by reducing proteinuria. 

Finally, the tumorigenic ability of the H6 clonal line was 

investigated by subcutaneous injection of 2 x 106 H6 EGFP+ cells 

into healthy mice. Six weeks after cell inoculation none of the 

animals treated with the cells presented the appearance of any 

tumour at the site of injection, thus strongly suggesting the 

absence of tumorigenic bias for the H6 clonal line. 

Overall these findings demonstrated that the H6 clonal line was 

able to engraft into damaged proximal tubules but did not appear 

to promote recovery of the induced renal injury. Since H6 cells 

showed several features of stem cells and appeared to be able to 

engraft into its target organ only, the kidney, it would be of great 

. interest to investigate the long-term renoprotective capability of 

these cells in a model of chronic kidney injury. In addition, due to 

their ability to generate podocyte-like cells in culture, in future it 

would be very interesting to investigate whether the H6 clonal line 
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is able to generate podocytes in vivo and exert a renoprotective 

effect in a mouse model of glomerular injury. 
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8.1 Final discussion 

In mammals the functional kidney, the metanephros, develops 

through a series of complex reciprocal interactions between two 

embryonic tissues, the ureteric bud (UB) and the metanephric 

mesenchyme (MM) (see section 1.1.2.3) (Saxen, 1987). It has 

been demonstrated that all cell types present in the mature 

nephron, the functional unit of the adult kidney, derive from the 

cap mesenchyme, which constitutes a domain of the MM adjacent 

to the ureteric bud tips (Kobayashi et aI., 2008). Since several 

studies have already demonstrated the presence of 

stem/progenitor cells in adult kidney, both from rodent and human 

origin (Bussolati et aI., 2005, Challen et aI., 2006; Dekel et aI., 

2006; Gupta et aI., 2006; Maeshima et aI., 2006; Oliver et aI., 

2009; Ronconi et aI., 2009; Lee et aI., 2010), it is conceivable that 

a fraction of MM cells might remain undifferentiated as the kidney 

develops, in order to give rise to the resident stem/progenitor cells 

present in the adult organ. It has been demonstrated that, unlike 

mammals, lower vertebrates, such as adult teleost and 

cartilagineous fish, are able to form new nephrons following kidney 

injury in a process that resembles nephrogenesis (Elger et aI., 

2003). Although these findings suggest that the nephrogenic 

mesenchyme might be a direct source for stem cells resident in 

the adult organ, this hypothesis has yet to be proven. Fate 

mapping experiments using Cre-loxP lines, crossed with Rosa26 

mice (Soriano, 1999), might unveil whether a stem cell population 

in the adult kidney is derived from the metanephric mesenchyme . 

. For instance, this strategy has been adopted by Kobayashi and 

colleagues who demonstrated ~hat all cell types of the main body 

of the nephron are derived from a population of Six2+ cells present 
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within the mesenchymal pool of kidney primordium as early as 

E10.5 (Kobayashi et aL, 2008). However, this approach would not 

be able to unveil whether adult kidney stem cells were direct 

derivatives of the MM or, alternatively, whether adult kidney stem 

cells derived from a more differentiated population of cells present 

in the kidney that had been able to undergo a process of de­

differentiation in response to specific stimuli. 

The rationale of the present study was that the kidney-derived 

stem cell H6 clonal line might represent a MM-like cell population 

present in the postnatal mouse kidney. This hypothesis was 

investigated by comparing the expression profile and nephrogenic 

potential of the H6 clonal line, originally derived from postnatal 

mouse kidney (Fuente Mora, 2009), with those of mouse MM cells 

following in vitro culture. A similar expression profile and 

nephrogenic ability between in vitro cultured MM cells and H6 cells 

would suggest that the H6 clonal line was a remnant of the MM 

that could escape differentiation during nephrogenesis. Since the 

uninduced, non-immortalized MM rapidly undergoes apoptosis 

when cultured in the absence of ureteric bud or heterologous 

inducers (SaxEm, 1987; Dudley et aL, 1999; Kuure et aL, 2007), in 

the first part of this study it became critical to develop culture 

conditions that could support the expansion of MM cells in vitro for 

several days and, contemporaneously, maintain a MM-like 

phenotype. The results demonstrate for the first time that MM cells 

could undergo expansion by approximately 15-fold in 7 days of 

culture when cultured in the presence of 25 ng/ml BMP7 and 100 

. ng/ml FGF2, on plastic tissue culture dishes, rather than on 

nucleopore membrane filter (Dudley et aL, 1999). Moreover, these 

conditions allowed MM cells to retain a MM-like phenotype up to 

passage 1 (and 8 days in culture), as demonstrated by the 
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expression of many MM-specific markers, such as Wt1, Osr1, 

Sa1l1, Gdnf and vimentin. However, it was observed that the 

expression of the MM- and US-specific marker Pax2 was lost 

when the cells were cultured longer than 24 hours. The results 

showed that at second passage MM cells could not undergo 

further expansion and started to lose their MM-like phenotype, as 

indicated by the downregulation of Gdnf and Sa1l1. These markers 

are required for normal kidney development (Nishinakamura and 

Takasato, 2005; Costantini and Shakya, 2006). It was then 

hypothesized that the inability of the cells to undergo further 

expansion beyond passage 1 and retain a MM-like phenotype at 

passage 2 might be due to the lack of Pax2 expression and the 

downregulation of Sall1 and Gdnf. Since RT-PCR and 

immunostaining demonstrated that MM cell expression profile did 

not change following 96 hours of culture, in this work it was 

decided to investigate the nephrogenic ability of MM cells following 

4 days of in vitro culture. 

In the developing metanephros the ureteric bud induces the 

surrounding metanephric mesenchyme to undergo tubulogenesis 

(Saxen, 1987). The ability of MM cells to undergo induction and 

form developing nephron-like structures following 4 days of in vitro 

culture, was initially assessed by co-stimulation with the embryonic 

spinal cord, a well known heterologous inducer for the 

metanephric mesenchyme (Saxen, 1987). The results 

demonstrated that following 24 hours of in vitro culture MM could 

undergo induction and form developing glomeruli and renal 

tubules, whereas following 48 hours of culture, MM were unable to 

form cells of the glomerulus, but only a few distal tubules. The 

ability of the mesenchyme to undergo induction was completely 

lost when the cells were cultured longer than 48 hours. Several 
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studies have suggested that tubulogenesis is regulated by Wnt 

signalling through the p-catenin canonical pathway, with Wnt4 and 

Wnt9b playing pivotal roles in this process (Herzingler, 1994; 

Kispert et aI., 1998; Kuure et aI., 2007; Park et aI., 2007). Since 

Pax2 can activate the expression of Wnt4 both in vitro and in vivo 

(Torban et aI., 2006), in this work it was hypothesized that MM 

cells failed to undergo tubulogenesis when cultured longer than 48 

hours because of the lack of Pax2 expression, which occurred in 

MM cells cultured for more than 24 hours. In the attempt to induce 

tubulogenesis in MM cultured for more than 2 days, it was decided 

to bypass the lack of Pax2 signalling and activate the canonical 

pathway by inhibiting glycogen synthase kinase-3p (GSK-3P), a 

downstream target of Wnt signalling (Schmidt-Ott and Barasch, 

2008), using a synthetic GSK-3 inhibitor (BIO) (Kuure et aI., 2007). 

It was observed that the mesenchyme responded only partially 

better to BIO stimulation than to spinal cord induction, as MM 

cultured for 48 hours could undergo complete induction and form 

developing glomeruli and renal tubules. However, the presence of 

BIO did not stimulate MM cells to undergo tubulogenesis when 

cultured for more than 48 hours. It might be plausible that the 

presence of Wnt4-like signalling was not sufficient to trigger 

nephron formation in MM cultured for more than 2 days, and that 

other factors were most likely required to initiate tubulogenesis. 

Interestingly, in the presence of BIO a higher proportion of 

developing distal tubules formed than in the presence of spinal 

cord. Under normal circumstances, glomeruli and proximal tubules 

form earlier during development, whereas distal tubules develop 

.Iater (Dorup and Maunsbach, 1982). Cheng and colleagues 

demonstrated that Notch signalling regulates the proximodistal 

patterning of developing nephrons. In the absence of Notch 
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signalling distal tubules still form whereas podocyte, glomerular 

capillaries and proximal tubules do not develop (Cheng et aI., 

2007). Fujimura and collaborators suggested the existence of a 

positive loop in which Notch2 activates Wnt4 and inhibit the 

maintenance of Six2-positive renal progenitor cells within the 

mesenchyme (Fujimura et aI., 2010). Since Notch Signalling 

requires cell-cell contact (Jeffries and Capobianco, 2000), in this 

Thesis I speculated that the development of more distal 

convoluted tubules in BIO-stimulated MM compared with samples 

induced by spinal cord might be explained by the absence of direct 

contact between the MM and its inducer, which determined a 

downregulation of Notch signalling. 

To investigate if the ability of MM cells cultured for more than 48 

hours to become induced was irreversible, the ability of the cells to 

retain a nephrogenic potential and form developing renal 

structures was tested using the chimera formation assay 

(Unbekandt and Davies, 2010). Since this technique allows the 

formation of chimeras by simply mixing reaggregated rudiments 

with an exogenous cell population, in the present study it was 

decided to adopt the chimera formation assay to investigate 

whether 4 days cultured MM cells were still able to participate to 

the formation of developing nephrons. The results indicated that 

following recombination with E11.5 reaggregated kidney 

rudiments, cultured MM could maintain a nephrogenic potential 

and integrate into nephron-like developing structures at a 

comparable rate to that of freshly isolated MM, which represented 

. a positive control for cell integration. Like freshly isolated MM, 

cultured MM did not integrate into the ureteric bud, which is in 

agreement with in vivo studies showing that MM give rise to all cell 

types of the nephron, but not ureteric bud derivatives (Kobayashi 
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et aI., 2008). Interestingly, following recombination with 

reaggregated rudiments, both freshly isolated and cultured MM 

were capable of expressing Pax2, which suggested that factors 

released from the ureteric bud cells present within the chimera 

allowed MM cells to maintain or reactivate the expression of Pax2. 

It was also observed that several OD-Iabelled MM cells were 

found within the stroma, which is considered a domain of the 

chimera that neither give rise to developing nephrons, nor contains 

ureteric bud structures. Nevertheless, it cannot be ruled out that 

the cells present within the stroma might still play a role in the 

chimera development. Hatini and colleagues provided evidence 

that stromal cells seem to control kidney development. These 

authors showed that embryos lacking Foxd1, a marker for stromal 

progenitor cells, displayed impaired nephrogenesis (Hatini et aI., 

1996). Shan and collaborators demonstrated that during 

nephrogenesis, the first developing nephrons are only vestigial, . 

since they rapidly degenerate following formation and constitute 

part of the stromal compartment (Shan et aI., 2010). It is plausible 

that at least some of the OD-Iabelled MM cells present within the 

stroma might be a remnant of the very early presumptive 

developing nephrons that had undergone degeneration, therefore 

it is conceivable that these cells might still play a role in the 

regulation of the nephrogenesis process. However, it might also 

be plausible that during the chimera formation, some MM cells 

were not close enough to the developing US to receive the 

inductive signal, therefore they were unable to participate to 

nephron formation and ended up within the stromal compartment 

as uninduced MM. 

Having optimized culture conditions that allowed MM cells to 

maintain a MM-like phenotype and a nephrogenic potential 
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following several days of in vitro culture, in the second part of this 

work the expression profile and nephrogenic potential of the 

kidney-derived stem cell H6 clonal line was compared with those 

of MM cells following 4 days of in vitro culture. A similar phenotype 

between the H6 clonal line and cultured MM cells would suggest 

that H6 cells represented a MM-like population resident in the 

postnatal kidney. As explained before, the H6 clonal line was 

originally derived from 2-6 day old mouse kidney (Fuente Mora, 

2009). The cells were isolated from a postnatal organ because, 

unlike in human, nephrogenesis in mouse continues after birth 

until around postnatal day 7 (Dickinson et aI., 2005). It was 

therefore hypothesized that kidney-derived stem cells might be 

found in greater number in the postnatal kidney, when 

nephrogenesis is still ongoing, than in the adult organ when 

nephrons are no longer formed. The H6 clonal line exhibited 

limitless proliferative capacity, with a population doubling time of 

approximately 25 hours, and the ability to generate renal-like cells 

in culture, such as podocyte-like cells and proximal tubular-like 

cells. Gene expression profiling revealed that H6 cells expressed 

the progenitor cell markers Msi1 and Msi2, and the same set of 

MM-specific genes already found in freshly isolated MM and 

cultured MM, such as Wt1, Osr1, Gdnf and Vim. Furthermore, like 

freshly isolated and cultured MM cells, H6 cells did not express 

Pax2. These findings showed that the H6 clonal line shared some 

of the same characteristics as MM. The expression of many stem 

and progenitor cell markers, such as Sca-1, CD24, CD29, CD44 

and CD73, normally found in renal progenitor cells of both mouse 

.and human origin (Bussolati et aI., 2005; Dekel et aI., 2006; 

Sagrinati et aI., 2006; Ronconi et aI., 2009), indeed suggested a 

stem cell phenotype for the H6 clonal line. Interestingly, H6 cells 

expressed several markers of fully differentiated renal cells, such 
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as the podocyte marker synaptopodin (Shankland et aI., 2007) and 

the proximal tubular markers Aqp1 and megalin (Gburek et aI., 

2003; Georgas et aI., 2008), which suggested that a subset of the 

H6 clonal line could spontaneously generate podocyte-like and 

tubular-like cells in culture. The ability to continuously generate the 

aforementioned cell types in culture might be of great importance 

and clinical relevance, since the H6 clonal line might become a 

useful tool to investigate cell responses to injury, elucidate cell 

repair mechanisms and might serve to identify innovative, stem 

cell-based therapies to replenish damaged kidney tissues. 

Besides the ability to give rise to renal-like cell types, the H6 clonal 

line could also give rise to non-renal cell types, such as osteocytes 

and adipocytes, when cultured under appropriate differentiating 

conditions. The findings of my study unveiled important similarities 

between the H6 clonal line and a population of adult human CD24+· 

CD133+ renal progenitor cells resident at the urinary pole of the 

Bowman's capsule (Sagrinati et aI., 2006; Ronconi et aI., 2009). In 

fact, the results from this Thesis suggested that the H6 clonal line, 

like CD24+ CD133+ renal progenitor cells, could generate 

podocyte-like and tubular-like cells in culture. In addition, both cell 

populations were able to differentiate into osteocytes and 

adipocytes when cultured under appropriate differentiating culture 

conditions. 

If the H6 clonal line was a remnant of the embryonic MM, then it 

would be able to retain a nephrogenic potential and form 

organotypic renal structures when recombined with reaggregated 

kidney rudiments. The chimera formation assay showed that H6 

cells could maintain a nephrogenic potential in vitro and revealed 

intriguing similarities between the H6 clonal line and MM cells 
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following 4 days of in vitro culture. In fact the results showed that 

H6 cells could integrate into nephron-like developing structures at 

a comparable rate to that of cultured MM cells, and were able to 

activate the expression of Pax2. It might be hypothesized that the 

chimera likely provides an environment capable of directing the 

differentiation of MM and H6 cells toward renal-specific cell types. 

In addition, like the embryonic MM, the H6 clonal line did not 

integrate into the ureteric bud. The ability of H6 cells to form 

nephron-like developing structures rules out a US-derived origin 

for the H6 clonal line, as the metanephric mesenchyme gives rise 

to all cell types present in the nephron (Kobayashi et aI., 2008). 

However, I observed that the H6 clonal line integrated at a lower 

rate into developing nephrons than freshly isolated MM. This result 

could be due to the fact that freshly isolated MM represents a 

more undifferentiated and homogeneous cell population compared 

with the H6 clonal line, therefore it might retain a higher 

nephrogenic potential than that of the kidney-derived H6 cells. The 

chimera formation assay also demonstrated that the H6 clonal line 

was able to integrate into developing glomeruli and proximal 

tubules. These results are in agreement with previous findings 

from this study showing that the H6 clonal line expressed 

podocyte and proximal tubular markers. Altogether these findings 

indeed strongly suggest that H6 cells might be a postnatal kidney­

resident MM-like cell population and underline paramount 

similarities between the H6 clonal line and adult human CD24+ 

CD133+ renal progenitor cells (Ronconi et aI., 2009), as both cell 

populations seem to be able to generate cells present within the 

.initial part of the nephron. In future, it would be interesting to 

extend the chimera culture period to allow the formation of distal 
-

tubular-like structures with the purpose to investigate whether H6 

270 



Chapter 8 

cells are also able to give rise to distal tubular cells following 

recombination with reaggregated kidney rudiments. 

The presence of the proximal tubular markers Aqp1 and megalin, 

together with their ability to participate in the formation of 

developing proximal tubules, prompted the question of whether the 

H6 clonal line could generate functional proximal tubular-like cells 

in culture. Kidney proximal tubules play a main role in the 

reabsorption of water and a vast variety of inorganic and organic 

molecules present in the glomerular ultrafiltrate (Masereeuw et aI., 

1999; Christensen and Gburek, 2004, Kobayashi et aI., 2005). 

These compounds are reabsorbed as a complex with megalin and 

cubulin, two endocytic receptors expressed in proximal tubules, 

along with the cooperating protein amnionless (Nielsen and 

Christensen, 2010). In the present study it was decided to 

investigate whether the H6 clonal line comprised functional· 

proximal tubular-like cells by using a mega lin functionality assay, 

already described by Zhai and colleagues in opossum kidney 

proximal tubular cells (Zhai et aI., 2000). In this Thesis I 

demonstrated that a subset of the H6 clonal line showed in vitro 

functionality for megalin, since only megalin-expressing cells were 

able to uptake fluorescent bovine serum albumin, a known ligand 

for megalin (Nielsen and Christensen, 2010). Endocytosis of 

fluorescent albumin could be almost completely blocked in the 

presence of either receptor-associated protein (RAP) or unlabelled 

albumin, two structurally unrelated ligands for megalin, thus 

confirming that the uptake of fluorescent albumin was megalin­

mediated. Besides reabsorption, kidney proximal tubules eliminate 

a wide spectrum of organic anion and cations, from the blood into 

the urine, through organic anion transporters (OATs) and organic 

cation transporters (OCTs), respectively (Sweet, 2005; Sweet et 
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aI., 2006). The functionality of OATs can be assayed in vitro by 

looking at the OAT-mediated uptake of the anionic molecule 6-

carboxyfluorescein (6-CF), into presumptive proximal tubules of 

embryonic tissues (Rosines et aI., 2007). The ability of the H6 

clonal line to uptake 6-CF via OATs was assessed by 

recombination with E11.5 reaggregated kidney rudiments, using 

the chimera formation assay (Unbekandt and Davies, 2010). The 

results indicated that H6 cells were not able to uptake 6-CF since 

the OAT genes Oat1, Oat2, Oat3 and Oat5, normally expressed in 

mouse kidney (Van Wert et aI., 2010), were not expressed in the 

H6 clonal line. These findings appeared to conflict with the fact 

that some cells within the H6 clonal line population showed a 

proximal tubular-like phenotype. However, in the kidney, megalin 

is mainly expressed within the 51 segment of the proximal tubule, 

which is a portion of the tubule adjacent to the glomerulus that 

mediates most of the ultrafiltrate reabsorption (Casarett et aI., . 

2007; Russo et aI., 2007; Nielsen and Christensen, 2010); OATs, 

instead, are principally expressed within the 52 segment of the 

proximal tubule, which mediates most of the tubular secretion 

(Anzai et aI., 2005; Casarett et aI., 2007; Hwang et aI., 2010). It is 

therefore plausible that the H6 clonal line might represent a stem 

cell population which seems capable of spontaneously giving rise 

to cells present within the first part of the proximal tubules, that 

show in vitro megalin functionality, but no OAT expression. The 

chimera environment failed to induce the expression of OATs in 

H6 cells, which indeed hints that the H6 clonal line might only be 

able to give rise to 51 segment-derived cells. 

Besides important similarities, the results from the present study 

also highlighted some intriguing differences between MM and the 

H6 clonal line. In fact it was demonstrated that H6 cells were able 
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to undergo extensive self-renewal, whereas uninduced MM cells 

had a limited ability to proliferate in culture, as MM cells could only 

be expanded up to 7 days (and 1 passage). Moreover, H6 cells 

were elonogenic, whereas the clonogenic ability of MM cells still 

has to be proven. Altogether, these results suggest that, while the 

embryonic MM represents a progenitor cell population, the H6 

elonalline displays a stem cell phenotype. 

In the last part of this work the renoprotective effect of the H6 

elonal line was investigated in vivo in a mouse model of acute 

renal tubular failure (ARF), induced by intramuscular injection of 

glycerol. ARF is a condition characterized by an abrupt decline of 

kidney function due to an extensive damage of kidney tubules. 

The kidney has the striking capability to regenerate from acute 

insults and the recovery seems to be accomplished by intrinsic 

tubular epithelial cells that undergo rapid proliferation, following 

tubular injury, with the purpose to replenish damaged tubular cells 

(Humphreys et aI., 2008). Despite these remarkable regenerative 

capacities, in some circumstance kidney recovery appears 

inadequate and ARF might progress to chronic kidney disease 

(Schiffl, 2010) which might ultimately lead to renal failure. The 

ability of a stem cell population to confer a renoprotective effect 

from acute renal failure is clearly of great importance and might 

have clinical relevance as well. Previous stUdies have shown that 

renal progenitor cells, both of human and mouse origin, could 

ameliorate renal function following acute tubular injury in mouse 

models of ARF (Sagrinati et aI., 2006; Ronconi et aI., 2009; Lee et 

aI., 2010). In the present study, H6 cells, constitutively expressing 

enhanced green fluorescent protein (H6 EGFP+ cells), were 

inoculated into the tail vein of a mouse model of ARF (ARF­

induced mice), at the peak of renal damage, with the aim to see 
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whether the cells could confer a renoprotective effect and 

contribute to the recovery of kidney function following injury. In this 

model, tubular damage is induced by intramuscular injection of 

glycerol, which causes extensive rhabdomyolisis and release of 

myoglobin, which in turn determines necrosis of epithelial tubular 

cells (Bussolati et aL, 2005; Ronconi et aL, 2009; Perin et aL, 

2010). The results highlighted that, following glycerol injection, 

ARF-induced mouse kidneys were able to recover within 12 days. 

When inoculated into the circulatory system of ARF-induced mice, 

H6 EGFP+ cells were capable of reaching the kidney and 

engrafting mostly, if not exclusively, into proximal tubules. 

Moreover, eng rafted cells showed normal localization of megalin, 

as it was expressed on the apical surface of kidney proximal 

tubules (Zhai et aL, 2000). The ability to engraft only into the 

kidney was an important feature of the H6 clonal line, as the cells 

did not show unspecific engraftment into ARF-induced mouse 

lung, spleen or liver. These findings indeed strongly support the 

assumption that the H6 clonal line might be a stem cell population 

which comprises proximal tubular-like cells that have the capability 

to engraft into damaged kidney proximal tubules following acute 

tubular failure. Since CD24+ CD133+ adult human renal progenitor 

cells are able to replenish damaged tubular cells in a mouse 

model of ARF (Ronconi et aL, 2009), the results presented in this 

study highlight further intriguing similarities between the H6 clonal 

line and CD24+ CD133+ human renal progenitor cells. 

Kidney functionality studies revealed that H6 cells were not able to 

confer a renoprotective effect from acute insults, as the recovery 

of cell-inoculated ARF-induced mouse kidneys was comparable 

with that of ARF-induced mice Injected with PBS. In addition, the 

H6 . clonal line did not significantly increase the number of 
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proliferating tubular epithelial cells, compared with control animals. 

One of the main problems encountered in this work was the 

response of the particular mouse strain used in this study to 

glycerol injection. As already explained in section 7.2.1.2, male 

CD1 mice were initially injected with 8.5 ml/Kg/body weight of 

glycerol, a dose that has been used in a previous study (Zager et 

aI., 2001). Since this dose was not sufficient to induce acute renal 

tubular failure, in the current study the amount of glycerol was 

increased to 9 ml/Kg/body weight, a condition already tested in a 

previous study (Zager et aI., 2008). In my work I found that the 

degree of renal damage was considerably variable among 

different animals, as kidney functionality was badly compromised 

in some mice, whereas in others it was only slightly affected. In 

addition, approximately 25% of mice used in this study died as a 

consequence of glycerol injection. Most of the deaths occurred 

within 5 days of the induction of the damage, thus indicating that 

the peak of renal injury corresponded with the most critical period 

for the animals. Because of this variability, it cannot be concluded 

that the H6 cells did not exert any beneficial effect on damaged 

kidneys: in fact, if a renoprotective effect was present, it might 

have been masked by the high variability of the animal response 

to glycerol treatment. Furthermore, because of the variability and 

the presence of a background signal that affected cytofluorimetric 

analyses, it was not possible to conclude that tubular cell 

engraftment increased as renal damage worsened. 

It could also be speculated that the timing of cell inoculation into 

ARF-induced mice might be critical to obtain a renoprotective 

effect. Perin and colleagues demonstrated that human amniotic 

fluid stem cells (hAFSC) could deliver a renoprotective effect only 

when inoculated into ARF-induced mice a few hours after the 
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induction of renal damage. No renoprotective effect was observed 

when mice were treated with hAFSC at the peak of renal injury, 

three days after glycerol injection (Perin et aI., 2010). These 

results suggest that also the timing of H6 cell inoculation might be 

crucial and that a renoprotective effect might be obtained if the 

cells were inoculated concomitantly with the induction of the renal 

damage. However, the lack of improvement of kidney functionality 

following cell inoculation cannot exclude that the H6 clonal line 

exerted some beneficial effects on injured kidneys. For instance, 

H6 cells might act as scaffold for endogenous tubular epithelial 

cells to help them to reconstitute damaged tubules. Further studies 

are required to clarify a possible role for the H6 clonal line in this 

process. 

Since it was observed that 12 days after glycerol injection ARF­

induced mouse kidneys recovered and were functionally· 

indistinguishable from those of healthy animals, in this study ARF­

induced mice were killed no later than 12 days after glycerol 

injection. It cannot be ruled out that the H6 clonal line might be 

able to exert a long-term renoprotective effect. Clearly, the model 

used in this study was not suitable to answer this question; 

therefore, in future it would be of great relevance to investigate the 

renoprotective role of the H6 clonal line in a mouse model of 

chronic kidney disease. In the search for an appropriate 

experimental system, the folic acid model might represent a 

suitable solution. In fact, intraperitoneal injection of folic acid 

induces transient acute kidney injury, which then progresses to 

chronic kidney disease (Long et aI., 2008). 

In conclusion, this work provides evidence that the kidney-derived 

stem cell H6 clonal line might represent a MM-like cell population 
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resident in the postnatal mouse kidney. The H6 clonal line seems 

to act as a bi-potent stem cell population, as it is able to undergo 

unlimited cell proliferation and can spontaneously generate 

podocyte-like cells and proximal tubular-like cells in culture. 

The use of stem cell-based therapies as alternative to dialysis and 

kidney transplantation is very attractive, however it might be 

limited by the complexity of the kidney. As discussed in sections 

1.3.2.1, 1.3.2.2 and 1.3.2.3, many kidney stem cell populations 

have been found in different niches of the adult organ. This might 

postulate the lack of a kidney-derived stem cell population which is 

capable of giving rise to all cell types present in the kidney; 

instead, the adult organ might contain different kidney stem cell 

populations already committed to give rise to distinct renal cell 

types. It has also been observed that some renal and non-renal 

stem cell populations have been able to exert a renoprotective . 

effect following kidney injury; on the other hand, other stem cell 

populations do not appear to exert a beneficial effect on injured 

kidney. A critical requisite for a stem cell population to be used for 

renal replacement therapies is that the cells should be present in 

the organism after birth and their niche(s) easily accessible. 

Moreover, the possibility to isolate the cells in great number 

certainly represents a further favourable feature. 

Bone marrow-derived mesenchymal stem cells (MSC) might 

represent a possible source of stem cells for renal replacement 

therapies. It has been shown that MSC appear to be able to 

improve renal function in animal models of acute kidney injury; 

additionally, MSC can be obtained from autologous sources in 

large amounts (Morigi et aL, 2004; Herrera et aL, 2004; Togel et 

aL, 2005; Herrera et aL, 2007). However, the risk of fibrosis and 
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formation of ectopic tissues due to MSC injection still has to be 

fully investigated (Sagrinati et aI., 2008). 

Many stem cell populations resident in the adult kidney have been 

able to ameliorate renal function following tubular or glomerular 

injury (Dekel et aI., 2006; Sagrinati et aI., 2006; Ronconi et aI., 

2009; Lee et aI., 2010). These kidney-derived stem cell 

populations represent serious candidates for autologous renal 

replacement therapies, even though their isolation might require 

more invasive techniques compared with MSC. A better 

understanding of the characteristics and renoprotective abilities of 

kidney-derived stem cells would be important to determine which 

stem cell population represents the most suitable source for 

treating a particular kidney disease. Ideally, kidney-derived stem 

cells would be isolated from the healthy part of the kidney, 

therefore an early diagnosis of kidney injury is certainly paramount . 

to have access to unimpaired stem cells niches. 

The possibility of reprogramming fully differentiated cells to a 

pluripotent state by retroviral transfection of four factors, namely 

Oct3/4, Sox2, Klf4 and c-Myc, thus generating induced pluripotent 

stem (iPS) cells (Takahashi and Yamanaka, 2006), might have the 

potential to revolutionize regenerative medicine (Kaji et aI., 2009). 

iPS cells might be differentiated into a defined cell type with the 

aim to use these cells for autologous stem cell-based therapies. 

However, the presence of viral vectors and exogenous genes has 

raised several concerns regarding the safety of iPS cells for 

regenerative medicine. More recently, Kaji and colleagues have 

attempted to overcome this problem by developing a non-viral 

transfection protocol to obtain iPS cells in which the exogenous 

genes are eliminated once the reprogramming is completed (Kaji 
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et aI., 2009). If iPS cells were to be used for regenerative 

medicine, the main challenge for renal replacement therapies 

would be to develop culture conditions that could induce iPS cells 

to differentiate only into desired renal cell types. Studies 

conducted on animal models of acute and chronic kidney diseases 

will be strongly encouraged to evaluate the feasibility of using iPS 

cells for renal replacement therapies. 

Human amniotic fluid stem cells (hAFSC) (Hauser et aI., 2010; 

Perin et aI., 2010) and human umbilical cord (UB)-derived MSC 

(Morigi et aI., 2010) have proven to be able to ameliorate renal 

function following injury, and the interest regarding the use of 

these cells for renal replacement therapies has recently been 

raised. However, UB-MSC and hAFSC are frozen at or before 

birth, respectively, and usually many years may pass until they 

might be required for the treatment of renal disease. Therefore, it 

might become prominent to investigate whether the karyotype and 

phenotype of hAFSC and UB-MSC remain unchanged after being 

frozen for decades. 

To conclude, several stem cell types might be appropriate 

candidates for stem cell-based treatments of renal diseases. 

Further studies carried out on animal models will be required to 

unveil which stem cell population is the most suitable one for renal 

replacement therapies. Nevertheless, it should be taken into 

account that different stem cell populations might be required for 

the treatment of distinct renal pathologies. 
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8.2 Future works 

The results presented in this Thesis strongly suggest that the 

postnatal mouse kidney contains a population of kidney-derived 

stem cells that could possibly be a remnant of the embryonic 

metanephric mesenchyme that was capable of escaping complete 

differentiation during kidney development. This Thesis highlights 

that the kidney-derived stem cells H6 clonal line shares important 

features with the metanephric mesenchyme and behaves like a bi­

potent stem cells population which is able to give rise 

spontaneously to proximal tubule-like and podocyte-like cells. 

However, several questions still remain open and need to be 

addressed in future in order to fully comprehend the renoprotective 

effects of the H6 clonal line. As described in chapter 7, the 

glycerol-induced acute renal failure mouse model used in this 

study presented several problems, such as a high mortality rate 

following the induction of renal damage, a high variability of the 

degree of renal damage among different animals and the 

impossibility to look at the long-term effects of H6 cell inoculation 

on renal function. With the aim of overcoming these problems, a 

different mouse model of renal injury might be used: for instance, 

the folic acid model (FA) of renal injury might represent a suitable 

choice because FA induces a very reproducible acute renal injury 

which is characterized by a low mortality rate (Long et aI., 2008). 

Importantly, the long-term effects of the H6 cells might be 

investigated using this renal injury model, because following 

transient acute renal failure, FA administration leads to chronic 

kidney disease (Long et aI., 2008). Since the H6 cells 

spontaneously generate podocyte-Iike cells in culture and 
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participate in the formation of developing glomeruli in the chimera 

formation assay, another important issue to be addressed in future 

would be to investigate the ability of the H6 clonal line to replenish 

damaged podocytes in a mouse model of glomerular injury. The 

adriamycin model of induced glomerular injury (Ronconi et aI., 

2009) might therefore be used for this purpose. 

Previous studies have demonstrated that the timing of cell 

inoculation into a mouse model of induced renal injury might be 

critical (Perin et aI., 2010; Prof. Paola Romagnani, University of 

Firenze, personal communication). In future it would be worth 

inoculating the H6 clonal line concomitantly with the induction of 

renal damage, rather than at its peak, with the aim of seeing 

whether the cells can confer a renoprotective effect. This strategy 

might be easily applied to both the FA-induced renal injury model 

and the adriamycin-induced glomerular nephritis model. 

In this Thesis the renoprotective effect of the H6 clonal line was 

evaluated using blood urea nitrogen and serum creatinine 

concentrations, two biochemical parameters that reflect renal 

function. In future it would be tremendously useful to evaluate the 

morphology of cell-inoculated kidney using morphological 

parameters, in order to ascertain whether the cells were capable 

of improving the morphology of damaged kidneys. Besides, since 

the H6 clonal line expressed megalin and engrafied mostly into 

proximal tubules, they might be able to replenish damaged tubular 

cells and, in turn, increase absorptive functions of damaged 

kidney, thus reducing proteinuria. Therefore, the evaluation of this 

parameter would also be of great importance. 

As previously explained, the H6 clonal line was derived from the 

postnatal mouse kidney because at this stage of development the 

nephrogenesis was not completed yet; therefore, it was postulated 

that the postnatal organ might contain more stem/progenitor cells 
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compared with the adult kidney. It has been suggested that the 

embryonic kidney is a source for stem/progenitor cells (Kim et aI., 

2007). In future, using the same strategy followed to isolate the H6 

clonal line, it would be interesting to attempt to isolate 

stem/progenitor cells from kidney rudiments from late-stage 

embryos, and compare the expression profile and nephrogenic 

potential of these cells with those of the H6 clonal line. 

The very long-term goal of this project is to isolate kidney-derived 

stem cells from adult human kidney that have the ability to 

replenish damaged kidney tissues and therefore might be used for 

stem cell-based renal replacement therapies. 
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