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Abstract

Wnt4, a member of the Wnt family of secreted factors, is essential for kidney organogenesis since
the kidney fails to develop in its absence. Besides the kidney, Wnt4 signaling is involved in the
control of development of several other organs such as the gonads, adrenal glands and pituitary
gland. In the context of the embryonic kidney, Wnt4 signaling induces mesenchymal to epithelial
transition of the progenitor cells in the metanephric mesenchyme, an early step in nephrogenesis.
Wnt4 signaling may also be relevant in the development of a childhood kidney tumor, the Wilms’
tumor, that involves the function of Wilms’ tumor suppressor protein 1 (WT1). Wilms’ tumor is
thought to arise from the early metanephric mesenchymal cells of the embryonic kidney, but the
detailed mechanisms are not known. The main aim of this project was to study the mechanisms
that regulate expression of the Wnt4 gene by using immortalized embryonic kidney mesenchyme-
derived mK4 cells as a model. The Wnt4 gene expression was also analyzed in vivo in the frog
embryonic pronephros. Through the use of reporter assays and a two-hybrid screen, Sox11, a
member of the SoxC family of transcription factors, was identified as a synergistic protein that
interacts with WT1. Immunoprecipitation studies provided further evidence that Sox11 and WT1
may physically interact with each other in the developing embryonic kidney. Indeed, Sox11 and
WT1 may regulate the Wnt4 gene expression in vivo since the morpholino-based knock-down of
either WT1 or Sox11 led to notable downregulation of the Wnt4 gene expression in the frog
embryonic pronephros. 

The other general aim of this thesis was to develop novel tissue targeting and therapy tools to
the cell lineages regulated by the Wnt4 signals, including the podocytes. For this purpose, we
utilized mice carrying a floxed expression cassette for the avidin-LDL receptor fusion protein,
Lodavin, in the constitutively active Rosa-26 locus. Three Cre driver mice, including the Wnt4-
Cre knock-in line, were used to activate Lodavin expression in the respective cells of the
embryonic kidney. Moreover, we generated a podocyte injury model by expressing the human
receptor for diphtheria toxin specifically in the podocytes. This was achieved by crossing mice
containing a floxed expression cassette for this receptor in the Rosa-26 locus with those expressing
the Cre recombinase under the nephrin promoter. Administration of diphtheria toxin led initially
to podocyte damage only, followed by a progression to glomerular sclerosis. 

As a summary, Sox11 and WT1 serve as synergistic transcription factors that may regulate
expression of the Wnt4 gene in vivo. The transgenic mouse models generated and used provide the
basis to generate acute and chronic kidney disease models and the potential to purify the respective
cells for developing cell-based therapy avenues for the kidney. Moreover, the Lodavin-based
approaches may enable targeted delivery of biotinylated small compounds, proteins, viruses or
even cells and novel means for in vivo imaging and functional studies. 

Keywords: diphtheria toxin, iDTR, kidney organogenesis, Lodavin, mesenchyme to
epithelium transition, nephron stem cells, podocytes, transcriptional regulation,
transgenic mice, tubule induction, Wnt signaling, Wnt4
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Tiivistelmä

Wnt-4 kuuluu signaloivien proteiinien Wnt-perheeseen ja sen toiminta on välttämätöntä munuaisen kehityk-
sessä. Ilman Wnt-4 proteiinia munuainen ei kehity. Munuaisen lisäksi Wnt4-signalointi on mukana useiden
muiden elinten, kuten sukurauhasten, lisämunuaisen ja aivolisäkkeen säätelyssä. Alkion munuaisessa Wnt4-
signalointi saa aikaan mesenkymaalisen kantasolukon epitelisoitumisen, edustaen näin ollen nefronin kehi-
tyksen varhaisia vaiheita. 

Wnt4-signaloinnilla on myös merkittävä asema lapsuusiän munuaiskasvaimen, niin kutsutun Wilmsin
kasvaimen kehittymisessä. Tämän tyyppisessä kasvaimessa keskeisenä on Wilmsin tuumoriproteiinin
WT1:n toiminta, mutta myös Wnt4:n toiminnalla voi olla merkitystä. Wilmsin kasvaimen arvellaan saavan
alkunsa varhaisista sikiöaikaisista jälkimunuaisen soluista, mutta yksityiskohtaisia mekanismeja ei vielä tun-
neta. 

Tämän projektin tarkoituksena oli tutkia Wnt4-geenin ilmentymistä sääteleviä mekanismeja käyttäen
mallina mK4-soluja eli alkion munuaisesta saatuja, immortalisoituja soluja. Wnt4-geenin ilmentymistä ana-
lysoitiin myös in vivo sammakon alkion alkumunuaisessa. Tuplahybridi-analysoinnin avulla tunnistettiin
transkriptiotekijäperhe SoxC:n jäsen Sox11 samantoimiseksi proteiiniksi transkriptiotekijä WT1:n kanssa
Wnt4-geenin ilmentymisen säätelyssä. Immunopresipitaatiotutkimukset tukivat ajatusta, että Sox11 ja WT1
voisivat olla fyysisessä vuorovaikutuksessa säädellessään nefroninmuodostuksen alullepanossa ratkaisevan
Wnt4-geenin ilmentymistä. Sox11 ja WT1 voivat mahdollisesti säädellä Wnt4-geenin ilmentymistä myös in
vivo, sillä morfoliineihin perustuvissa kokeissa sekä WT1:n että Sox11:n hiljennys laski Wnt4-geenin ilmen-
tymistasoa sammakon alkumunuaisessa. 

Tämän väitöstutkimuksen toinen yleinen tavoite oli kehittää uusia kudoskohdennus- ja terapiakeinoja
Wnt4-signaloinnin säätelemille solulinjoille, kuten podosyyteille. Tätä tarkoitusta varten kloonattiin siirto-
geeninen hiiri, jossa floksattu avidiini-LDL -reseptorifuusioproteiini, Lodavin, kohdennettiin jatkuvasti
aktiiviseen Rosa-26 -lokukseen. Kolmea eri Cre-hiirilinjaa käytettiin aktivoimaan Lodavinin ilmentyminen
kussakin tietyssä alkion munuaisen solupopulaatiossa. Yksi näistä Cre-linjoista oli Wnt4-Cre. Jotta kyettäi-
siin vahingoittamaan samoja soluja, jotka ilmentävät Lodavinia, hyödynnettiin difteriamyrkyn ihmisen
reseptoria (iDTR). IDTR:n ilmentäminen tietyissä hiiren soluissa tekee ne alttiiksi tappavalle difteriamyrkyl-
le. IDTR-perusteisen munuaisvauriomallin kehittämiseksi käytettiin floksattua iDTR-hiirimallia, ja geenin
ilmentyminen aktivoitiin Wnt4-indusoiduissa munuaissolulinjoissa, erityisesti podosyyteissä Nephrin Cre -
välitteisesti. 

NephrinCre;R26RiDTR hiiriä altistettiin difteriamyrkylle ja niiden munuaiskerästen muutoksia seurat-
tiin. Tutkimukset antavat viitteitä siitä, että R26R-floksatut iDTR-hiiret toimivat hyvänä mallina kehitettäes-
sä sekä akuutteja että kroonisia munuaistautimalleja. 

Yhteenvetona voidaan todeta, että Sox-11 ja WT-1 ovat samantoimisia transkriptiotekijöitä, jotka voivat
säädellä Wnt4-geenin ilmentymistä in vivo. Tutkimuksessa kehitetyt ja käytetyt siirtogeeniset hiirimallit tar-
joavat perustan kehittää sekä akuutteja että kroonisia munuaistautimalleja. Samalla ne mahdollistavat kul-
loistenkin solujen eristämisen uusien soluperusteisten hoitomenetelmien kehittelemiseksi. Lisäksi Lodavin-
perusteiset lähestymistavat voivat mahdollistaa biotinyloitujen pienten yhdisteiden, proteiinien, virusten tai
jopa solujen kuljetuksen kohdennetusti sekä avata uusia mahdollisuuksia in vivo -kuvantamiselle ja toimin-
nallisille tutkimuksille. 

Asiasanat: difteriamyrkky, iDTR, Lodavin, mesenkyymin epitelisoituminen, munuaisen elinkehitys,
munuaisen kantasolut, munuaistiehytinduktio, podosyytti, siirtogeeniset hiiret, transkriptionaalinen säätely,
Wnt-signalointi, Wnt4
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1 Introduction 

During animal development, the emergence and function of proteins in precise 

coordinates with respect to the three spatial and one temporal dimension cause the 

generation of orderly structures with unique properties that then mature into 

dedicated tissues and organs. Discrepancies and changes caused by genetic or 

environmental factors that disallow this precision, causing protein misexpression 

or malfunction at the molecular level, will result in higher order tissue/organ 

abnormalities and disease conditions. Kidney development has been studied for a 

long time both to understand the basic developmental principles as well as to 

identify the causal events that lead to nephropathies. Wnt pathway components 

are among the plethora of signaling pathways that have been identified to be part 

of the mammalian kidney development. Wnt4 is a member of this family of 

proteins and is required for kidney organogenesis. In this work, we have studied 

the upstream regulatory signals that control expression of this key secretory 

signaling molecule. Using in vitro and in vivo tools, we have identified a 

synergistic interaction between two transcription factors, namely Wilms’ tumor 

suppressor protein 1 (WT1) and Sox11, that is required for transcription of the 

Wnt4 gene during mammalian kidney development. Furthermore, we have 

developed a new transgenic mouse line expressing an LDL receptor-Avidin fusion 

protein (Lodavin) to aid in cell imaging and purification and used an available 

transgenic mouse line (iDTR) that expresses the human receptor to diphtheria 

toxin to target the cells that express Wnt4. These targeting strategies provide 

further opportunities to study the role of these cells in kidney development and to 

elucidate the associated molecular mechanisms. The toxin-based cell ablation 

system also serves as an excellent model to study the effects of podocyte damage 

in various forms of nephropathies. As a summary, we have identified a new 

synergistic interaction between WT1 and Sox11 in regulation of the Wnt4 gene 

and developed/employed transgenic tools to target kidney cells. 
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2 Review of Literature 

2.1 Role of the kidney in homeostasis 

The kidney is a complex organ that performs vital body functions to maintain 

homeostasis. It is the principal organ to coordinate the excretory and secretory 

function of the body. The key function of the kidney is to actively remove the 

metabolic end products from the blood via production of urine. It plays a central 

role in the control of pH and the amount of ions present in the body. Besides these 

basic physiological processes, the kidney is coupled to synthesis of vitamin D and 

hematopoiesis via production of erythropoietin as a sensory mechanism to 

changes in oxygen pressure. 

The functional unit of the kidney is the nephron, which consists of a filtering 

unit called the glomerulus that drains into a collecting duct through a long tubular 

epithelium. Urine formation begins with the filtration of the blood plasma by the 

glomeruli. The filtrate that comes out of the glomerulus is composed of large 

amounts of water along with excess salts and glucose. This filtrate is next 

subjected to reabsorption when most of the water, glucose and other nutrients are 

absorbed back into the blood flow. This reabsorption process greatly depends on 

the physiological condition of the body and is adapted to maintain homeostasis. 

The rest of this fluid then moves into the distal and collecting tubules and is 

collected in the bladder before being finally secreted out as urine. 

2.1.1 Vertebrate kidney organogenesis 

The complex structure of the kidney has its foundation in the mode of its 

organogenesis (Saxen & Sariola 1987) (Figure 1). Most of the kidney becomes 

assembled already during embryogenesis. This developmental process is 

regulated by sequential and reciprocal epithelial and mesenchyme tissue 

interactions and the associated inductive signaling. Kidney organogenesis 

involves several developmental mechanisms that are typical to many other 

organs. These include establishment of a resident stem cell pool and their 

commitment to specific cell lineages via controlled cell differentiation, 

Mesenchyme to Epithelial Transition (MET) and the associated cell polarization. 

The mesenchymal cells that undergo a transition to the epithelial cells during 

nephrogenesis are also subjected to a reciprocal inductive tissue interaction with 
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cells of a different developmental lineage. These cells with a different origin form 

an epithelial bud, which branches during the process of morphogenesis and 

angiogenesis that is coordinated with nephrogenesis. 

Fig. 1. Schematic representation of kidney morphogenesis. A. At E8.5 the nephric duct 

develops from the nephrogenic cord. By E9.0 the rostral precursors undergo 

apoptosis while caudal cells extend towards the cloaca. UB forms at E10.5 which 

invades the MM field by E11.5. B. The UB induces the mesenchyme that is adjacent to 

the UB tips to form the condensed mesenchyme, which in turn induces the ureteric 

bud to undergo branching. The mesenchymal cells undergo MET to form nephrons 

through steps of comma- and S-shaped bodies. (Modified from Davidson, A.J., Mouse 

kidney development (January 15, 2009), StemBook, ed. The Stem Cell Research 

Community, stemBook, doi/10.3824/stembook.1.34.1, http://www.stembook.org and 

Vainio S, Lin Y. Coordinating early kidney development: lessons from gene targeting. 

Nat Rev Genet. 2002 Jul;3(7):533–43. Review. PubMed PMID: 12094231.) 



21 

The functional kidney in vertebrates develops via three sequential stages, 

namely the pro-, meso-, and metanephros (Figure 1 A). The pro- and 

mesonephros are transitory organ rudiments with the mesonephros providing cells 

that go on to assemble the gonads while the metanephros represents the functional 

permanent kidney in mammals. The metanephric kidney develops initially from a 

distinct stripe of mesodermal cells that form during gastrulation. The stripe starts 

at the region where the heart is developing and extends anteriorly, towards the tail 

of the embryo. This group of cells composes the intermediate mesoderm. At 

around day eight post-coitum in the mouse embryo, a portion of the intermediate 

mesoderm separates away to form a short longitudinal rod of cells called the 

pronephric duct. This duct grows caudally and undergoes MET. The caudal 

portion of the Wolffian duct forms a bud called the ureteric bud, which invades 

the field of predetermined mesenchymal cells that are located in the region of the 

prospective hind limbs. The invading epithelial duct, the ureteric bud, induces the 

pretubular cells to form aggregations of cells in the mesenchymal field referred to 

as the ‘cap mesenchyme’ (Figure 1 B). A subset of these pretubular aggregates 

undergoes the process of MET to create a renal vesicle (Saxen & Sariola 1987). 

These events are regulated by the sequential and reciprocal inductive interactions 

between ureteric bud and mesenchymal cells. Some of the associated signals have 

been identified during the recent years. The primitive renal vesicles develop first 

to the comma- and then to the S-shaped epithelial bodies via a morphogenetic 

process. The S-shaped body becomes fused to the branches of the branched 

epithelial tubule and forms a functional nephron when the endothelial cells 

become integrated to the unit. The amphibians, including the Xenopus laevis, 

have a pronephros that represents a more primitive permanent kidney. As is the 

case with the metanephros in mammals, the developing pronephros acquires the 

proximal and distal tubules and the glomerular Bowman’s capsule. 

The developing kidney has for decades served as a model to study the 

fundamentals of organ development. During the last 20 years, the field has 

benefited tremendously from the rapid development of gene targeting methods. 

This has led to a better description of the morphological and molecular changes 

that accompany the kidney organ development. 
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2.1.2 Signaling pathways involved in the control of kidney 
development 

A number of signal transduction pathways, associated target genes and 

transcription factors have been identified during recent years and shown to 

control early kidney development. These factors are involved in assembly of the 

nephric duct and also in part mediate the reciprocal induction between the 

metanephric mesenchyme and the epithelial ureteric bud. 

Of these, the Pax2 and Pax8 genes which encode paired box motif containing 

transcription factors were identified as the early markers to be required for 

nephric duct development, a conclusion that was based on gene knock-out studies 

in the mouse (Dressler 2011). The Pax proteins play a role in the establishment of 

the epithelial cell population that later matures into the metanephros but is 

initially present in the embryonic kidney as primitive mesenchymal cells. Recent 

studies have indicated that the Pax protein function is connected to epigenetic 

control mechanisms of organogenesis. In providing this function, they are 

subjected to changes in their phosphorylation status that appears to occur as a 

response to Wnt and BMP signaling. Such modified Pax proteins take part in the 

control of histone modifications and contribute to marking and activation of 

certain chromatin domains that may contain target genes that advance kidney 

development. The Pax2/8 proteins identify the early renal precursor cell 

populations that possess competence to form the nephron. Based on fate mapping 

studies done during the recent years (Shan et al. 2010), the embryonic renal cells 

that express Pax2 represent cells responsible for generation of the nephrons 

during later stages of kidney organogenesis. 

The GATA3 zinc finger transcription factor, the expression of which is 

regulated by the Pax proteins, is also required for early kidney development 

(Grote et al. 2006). The GATA3 knock-out studies showed that its function is 

involved in the control of extension of the nephric duct during kidney 

organogenesis. Besides these, Lhx1 (Lim1) is another transcription factor that is 

required in the early stages of kidney organogenesis (Kobayashi et al. 2005). 

Lim1, a transcription factor with two LIM-domains and a homeobox domain is 

critical for survival of the nephric duct but also functions later during 

nephrogenesis. 

Lately, a number of other genes have been shown to be expressed in the cell 

population expressing Pax2. These include such transcription factor encoding 

genes as Eya1, Six1, Six2, Osr1, WT1, Sall1, Sall3 and Hox11. Many of these are 
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known to be critical for kidney development. The details of these genes and their 

role in kidney development will be described in later chapters of the thesis. 

Besides the transcription factors, embryonic kidney development is controlled by 

a panel of secreted signaling molecules. Of these, the glial-derived growth factor 

(GDNF) that belongs to the transforming growth factor beta (TGFB) superfamily 

of proteins was among the first to be identified. GDNF emanates from the 

metanephric mesenchymal cells but acts on the cells of the adjacent Wollffian 

duct. This growth factor is involved in induction and formation of the ureteric bud 

from the nephric duct (Shakya et al. 2005). 

In addition to GDNF, the signals from the fibroblast growth factor (FGF) 

family control early kidney development. The receptors of the FGFs are also 

expressed in the early kidney rudiment, and they are active both in the ureteric 

bud and in the metanephric mesenchyme dictating roles for the FGFs in both of 

these compartments. Indeed, FGF9 and FGF20 were recently shown to have 

synergistic roles in the control of the nephron progenitor cells (Barak et al. 2012, 

Vainio 2012). Consistent with this conclusion, compound knock-out of FGFR1 

and FGFR2 cause failure of kidney development (Bates 2011). 

The Sprouty proteins serve as antagonists of the FGF signaling and are 

present within the cell cytoplasm where they function to inhibit FGF signaling 

(Chi et al. 2004). Besides regulating FGF signaling, Sprouty1 acts as a 

quantitative regulator and antagonizes the GDNF pathway in the early kidney 

primordia. This way, Sprouty takes part in the control of the mode and dynamics 

of ureteric bud branching during kidney development. Supporting this notion, 

studies involving ablation of Sprouty function show growth of multiple kidneys 

as well as multiple ureters (Basson et al. 2005). The bone morphogenetic proteins 

(BMPs) are another subclass of TGFB proteins that take part in kidney 

development. Of these, BMP4 is thought to represent another negative regulator 

of ureteric bud development. BMP4 is expressed in the embryonic kidney 

mesenchymal cells, but its receptors are expressed in the ureteric bud, reflecting 

its direct role as an inhibitor of the ureteric bud development (Godin et al. 1999). 

Taken together, early kidney development is controlled by a set of key 

transcription factors. Their activity is likely coordinated by a panel of secreted 

signals, namely the growth factors that apparently induce and finetune the activity 

of the transcription factors to advance kidney development and the associated cell 

differentiation processes. The details of how these signals involved in the 

inductive tissue interactions operate to control expression of the transcription 

factors and vice versa remains to be seen. Studies with simpler models systems 
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such as those utilizing cultured cells are needed for better understanding of these 

mechanisms. 

2.1.3 Roles of Wnt signaling and Wnt4 in kidney development 

The Wnt proteins represent a specific family of signaling molecules that are 

critical to control embryogenesis. In situ hybridization studies have indicated that 

the embryonic kidney expresses several Wnt genes. 

The Wnt genes encode proteins of around 30 kDa. The Wnt proteins are 

palmitoylated (Kurayoshi et al. 2007) and this lipid attachment is critical for their 

biological function. The structure of the Xenopus wnt-8 has recently been solved 

(Janda et al. 2012). The Wnt proteins signal either through the so-called β-catenin 

dependent canonical pathway (Figure 2), via a non-canonical calcium pathway or 

the planar polarity (PCP) pathway. Signaling is regulated by antagonists that are 

present in the extracellular space and are either secreted or bound to extracellular 

components (Miller 2002). At the cell membrane, the Frizzled family of 

transmembrane proteins act as the Wnt receptors, but efficient initiation of Wnt 

signal transduction cascade also involves activity of their coreceptors. Several 

factors in the Wnt signal transduction pathway have been identified during recent 

years, but we still poorly understand how the different Wnt signals transduction 

pathways are integrated, especially with the other introduced pathways such as 

those activated by FGFs and the BMPs.Wnt4, Wnt6, Wnt7b, Wnt9b and Wnt11 

represent the Wnts that are expressed in the embryonic metanephros (reviewed in 

(Merkel et al. 2007, Vainio & Lin 2002)). Of these, the Wnt6 gene is expressed in 

the ureteric bud, and its signaling is sufficient to induce nephrogenesis in the 

classic tubule induction model (Itaranta et al. 2002). The Wnt7b gene is also 

expressed in the ureteric bud at later stages. Conditional ureteric bud knock-out of 

Wnt7b demonstrated a role for this protein in the regulation of the mode of cell 

divisions in the plane of the epithelial tube (Yu et al. 2009). Wnt9b seems to be a 

factor that mediates ureteric bud signaling to the embryonic kidney mesenchyme 

to initiate nephrogenesis. Mice deficient in Wnt9b fail to form nephrons while 

cells that have been engineered to express this Wnt are sufficient to induce 

nephrogenesis in isolated embryonic kidney mesenchyme (Park et al. 2007). 

Recent studies have shown that Wnt9b is also functional later during 

nephrogenesis, in the already formed epithelial cells. Here, Wnt9b plays a role in 

controlling the diameter of the epithelial tube via the non-canonical Rho/Jnk 

signal transduction pathway (Karner et al. 2009). 
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In the developing mouse embryo, Wnt4 expression appears at E11.5 in the 

condensed mesenchymal cells on either side of the ureter tip. Expression 

continues in the comma-shaped body but becomes down-regulated in the S-

shaped body during its fusion to the branches of the ureteric tree. Knock-out 

studies of the Wnt4 gene demonstrated that its signaling is critical for MET of the 

pretubular cells (Stark et al. 1994b). In in vitro experiments Wnt4 signaling is 

sufficient to induce tubule formation in the classic embryonic kidney 

mesenchyme induction model (Kispert et al. 1998). 

Efforts are underway to identify the detailed signal transduction mechanisms 

and the target genes of the Wnt signal transduction in the embryonic kidney. One 

of the direct targets of the putative canonical Wnt signaling in the kidney may be 

Emx2. Emx2 is expressed in the ureteric bud (Bridgewater et al. 2008) and may 

thus be a target of the ureteric bud expressed Wnts. 

2.1.4 Wnt signal transduction and the target genes 

Wnt factors act through at least three distinct signaling pathways, the canonical 

Wnt/β-catenin pathway, the Wnt/Ca2+ pathway and the Wnt/planar polarity 

pathway (PCP). (Wodarz & Nusse 1998). Each of these pathways is known to act 

through distinct sets of Wnt and Fzd pairs leading to different cellular responses 

(Komiya & Habas 2008). The Wnt/β-catenin pathway primarily regulates cell fate 

determination, whereas the Wnt/planar polarity pathway regulates cytoskeletal 

organization. The cellular response controlled by the Wnt/Ca2+ pathway is not 

clear. The canonical Wnt/β-catenin pathway acts by increasing the intracellular 

levels of β-catenin (Figure 2), which translocates to the nucleus and acts on 

downstream targets (Huang & He 2008, MacDonald et al. 2009). In the absence 

of Wnt signaling, β-catenin is phosphorylated by GSK3 and degraded by the 

action of a destruction complex that includes the Adenomatous polyposis coli 

protein (APC) and members of the Axin family. However, engagement of the Frz 

receptors and their LRP-coreceptors with the Wnt ligand leads to recruitment of 

Dishevelled, a cytoplasmic scaffold protein that gets phosphorylated. This binds 

to Axin to antagonize GSK3, preventing phosphorylation and ubiquitination of β-

catenin. 
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Fig. 2. Schematic representation of the β-catenin dependent canonical pathway. In the 

absence of the Wnt ligand β-catenin is degraded via a GSK3 β dependent pathway. In 

the ON state of Wnt signaling, activation of the Frz receptors by the Wnt ligand results 

in accumulation of intracellular levels of β-catenin, which translocates to the nucleus 

where it regulates target gene activation along with the TCF/LEF complex. 

Unphosphorylated β-catenin accumulates in the cytoplasm and translocates into 

the nucleus, where it interacts with the TCF/LEF family of HMG-domain 

transcription factors to act on Wnt target genes. The Wnt/Ca2+ signaling involves 

the G proteins and leads to the increase of intracellular Ca2+ and stimulation of 

Ca2+/calmodulin dependent kinase II (Kohn & Moon 2005). Furthermore, PKC 

is translocated to the plasma membrane. Downstream targets of the Wnt/Ca2+ 

pathway have not been identified. The Wnt/planar polarity pathway is also 

thought to involve the Frz receptors, but the nature of the polarity signal is not 

known (Seifert & Mlodzik 2007). 

Wnt pathway dependent expression of target genes is in part controlled at the 

level of TCF/LEF–β-Catenin–coactivator complex binding to the Wnt Response 
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Elements (WRE) (reviewed in (Archbold et al. 2012)). A TCF recognition motif 

(CCTTTGATS) in the WREs mediates high affinity binding of the TCF factors 

bound to β-catenin and coactivators. Ubiquitination of components like β-catenin 

and Dishevelled also regulates the Wnt pathway at various levels. Ubiquitin 

controls the stability of crucial signaling components, receptor maturation, 

trafficking and protein function through non-proteolytic mechanisms (Tauriello & 

Maurice 2010). Additionally other posttranslational modifications like acetylation 

by CBP and p300 are associated with target gene activation potential of TCF 

(Mosimann et al. 2009). Casein Kinase II (CKII) is shown to promote Wnt target 

gene activation by phosphorylating LEF1, which reduces its affinity for TLE 

corepressors (Wang & Jones 2006). Dishevelled (Dvl) plays a crucial role in 

propagating Wnt signaling through the canonical and non-canonical pathways 

(Gao & Chen 2010). Dvl appears to exist in two pools in the cell, one that 

translocates to the nucleus to mediate canonical signaling and the other which 

stays in the cytoplasm or is recruited to the plasma membrane to mediate both 

canonical and non-canonical Wnt signaling. 

The Wnt pathway further appears to regulate cellular processes via extensive 

crosstalk with other major signaling pathways. The TGFB and Wnt pathways 

cooperate to regulate developmental decisions by controlling gene expression 

patterns. A direct physical interaction between the TGFB and Wnt pathway 

components Smads and LEF/TCFs results in activation of the Wnt pathway in 

Xenopus laevis (Attisano & Labbe 2004). Crosstalk between the FGF and Wnt 

signaling has been demonstrated in the zebrafish model wherein FGF activity 

elevates Wnt signaling by inhibiting transcription of Wnt antagonists dkk1 and 

notum 1a (Katoh & Katoh 2006). The Notch signaling pathway is proposed to act 

with the Wnt pathway in an integrated mechanism to regulate the transition 

between different cell states (Munoz-Descalzo et al. 2012). A highly complex 

crosstalk between the Wnt and the Mitogen activated protein kinase pathway has 

been recently described in melanomas (Biechele et al. 2012, Jeong et al. 2012). 

The other obvious mode of Wnt signal regulation is at the transcriptional 

level of the Wnt genes themselves. Transcription factors and other regulatory 

mechanisms operating immediately upstream of the Wnt genes control the 

generation of these proteins. The Wnt1 gene may currently represent the best-

characterized Wnt gene. Transcription of this gene is regulated by a 5.5-kb 

enhancer that is located 3’ to the polyadenylation signal of the gene (Danielian et 

al. 1997, Echelard et al. 1994). This enhancer element contains the sequences that 

are required and sufficient to mediate the spatio-temporal regulation of the Wnt1 
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gene expression during embryogenesis in vivo. A more detailed study revealed 

that only a 110-bp cis-acting evolutionarily conserved sequence contained the 

critical genomic information needed for control of Wnt expression in the neural 

plate in the mouse (Rowitch et al. 1998). 

The xwnt1 proximal promoter has been studied in Xenopus laevis kidney 

model. In this model organism, the proximal 220-bp of 5’ region of the xwnt1 

gene is able to confer activation of a reporter gene. This stretch of sequence 

contains binding sites for five transcription factors (Gao et al. 1994). The 

proximal promoter region of the Xwnt5A gene has been studied to a certain detail 

and found to contain binding sites for several transcription factors. The 5’ 

flanking region of this gene has features of a functional promoter than can drive 

reporter expression in cell line models (Danielson et al. 1995). In a later study, a 

30-bp long DNA element was identified and was shown to be sufficient to drive 

LacZ reporter gene expression in a similar pattern as the endogenous xwnt5A 

(Morgan et al. 1999). This element serves as the target site for the xotx2 mediated 

repression of xwnt5A expression. A similar element is also present in a closely 

related location in the human WNT5A promoter. 

Some data is also available on the control mechanisms of the Wnt4 gene. The 

Wnt4 gene expression is down-regulated by MM1 that binds to the CMyc 

recognizing sequence in the proximal promoter region of the mouse Wnt4 gene 

(Yoshida et al. 2008). The Six2 transcription factor influences nephrogenesis 

(Kobayashi et al. 2008), and a recent study suggests that it may function via Wnt4 

(Park et al. 2012). The Wilms’ Tumor Suppressor gene 1 (WT1) has earlier been 

shown to regulate Wnt4 expression in a cell culture based model. In this study, the 

WT1 protein contained a mutation that is involved in Wilms’ tumorigenesis. Wnt4 

expression was shown to be affected by this mutation, which raises the possibility 

that WT1 acts as an upstream component to control Wnt4 gene expression (Sim et 

al. 2002b). The p21 protein and the metastatic tumor antigen 3 function as 

repressors of Wnt4 transcription in the keratinocytes and the embryonic 

mammary gland, respectively (Devgan et al. 2005, Zhang et al. 2006). 

As a summary, some knowledge exists on the mode of action of Wnt 

signaling, how the pathway regulates the targets genes, synergism or antagonism 

relating to other pathways and how the Wnt genes themselves are regulated. 

However, further studies are required to fully understand these regulatory 

mechanisms. 
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2.1.5 Common themes of transcriptional regulation 

The molecular processes controlling precise spatial and temporal expression of 

proteins form the basis of structure-function generation during animal 

development. Information stored in the genome is accessed systematically in a 

defined and reproducible sequence. A large number of protein families ranging 

from chromatin modifiers, sequence specific transcription factors and components 

of the central transcription machinery all function in a hierarchical and 

coordinated manner leading to transcription of the coding region of specific 

genes. This results in generation of mRNAs that eventually get processed into 

mature proteins (Fuda et al. 2009a, Li et al. 2007, Venters & Pugh 2009). These 

different families of proteins function in the early events of information 

processing from the DNA and result in switching on or off of major signaling 

cascades, enzymatic pathways and molecular assemblies that eventually generate 

and modify new cellular structures. 

Chromosomal DNA in the inactive state is made up of nucleosomes (Figure 

3), which have a core of histone proteins wrapped by 147 base pairs of DNA. The 

histone core is an octamer containing two copies each of histone H2A, H2B, H3 

and H4 (Kornberg & Thomas 1974). Inactive heterochromatin DNA is packed 

into repressed 30-nm fibers associated with tri-methylation of histone H3 at lysine 

9 or lysine 27. The modified histones are bound by the Heterochromatin Protein 1 

or the Polycomb Repressive Complex 2, respectively (Hiragami & Festenstein 

2005, Morey & Helin 2010), rendering the regions inactive. In the active regions 

of the chromosome, the histones are wrapped by about 160–200 bp DNA 

segments. Histones in these regions are associated with modifications like 

acetylation of histones H3 and H4 or di/tri-methylation of histone H3 at lysine 4 

(Brown et al. 2000). 
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Fig. 3. Schematic representation of the nucleosomes with the histone octamer core 

wrapped by DNA giving it the characteristic ‘beads on a string’ appearance. Gene 

transcription is regulated by various factors like the enhancers, 5’ and 3’ regulatory 

sequences and the polymerase II nucleated transcription initiation complex at the 

proximal promoter region. 

Sequence-specific regulator proteins are one of the many families of 

transcription-related proteins active in the open active chromatin regions. These 

bind to the cis-regulatory elements or enhancers that regulate the gene (West & 

Fraser 2005). The localization and expression of these early transcription related 
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genes themselves are primarily regulated by cell/tissue status, intrinsic factors and 

by environmental cues (Ong & Corces 2011, West & Fraser 2005). These are 

‘general purpose’ factors with one factor regulating expression of multiple genes. 

The various groups of proteins and the active chromatin regions are interlinked 

and associate themselves into spatio-temporally compartmentalized subnuclear 

microdomains called Gene Regulatory Networks (GRNs) (Stein et al. 2010, Wei 

et al. 2004). The GRNs define the functional modules involving spatial and 

temporal elements from which the transcription factors receive information. 

Upstream signals are conveyed to downstream targets through signaling pathways 

resulting in form and function. 

The DNA on nucleosomes can be remodeled by ATP-driven mechanisms. 

These ATP-dependent chromatin-remodeling complexes intrinsically lack 

sequence specificity and are targeted to specific genes by gene-specific regulators 

and remodel the nucleosomes (Flaus & Owen-Hughes 2011, Saha et al. 2006). 

They use the energy from ATP hydrolysis to alter the structure, position or 

composition of nucleosomes. These factors primarily function by sliding the 

histone core to different locations or by totally evicting the histone proteins from 

nucleosomes. 

Remodeling of chromatin in the promoter region is followed by the assembly 

of the pre-initiation complex (PIC) nucleated by the TATA Binding Protein (TBP). 

This is initiated by the mediator complex containing a large complex of proteins 

(Casamassimi & Napoli 2007, Conaway & Conaway 2011). They recruit the p300 

histone acetyl transferase, which acetylates the histone proteins. Once the p300 

and the mediator complex dislodge from the DNA, formation of the pre-initiation 

complex (PIC) begins (Thomas & Chiang 2006). 

The primary components of the PIC are the General Transcription Factors 

(GTF), Transcription Factor IID (TFIID), TATA binding proteins (TBP) and NC2. 

This pre-initiation complex is sufficient for basal level transcription of genes. But 

high-level expression of an active gene is achieved by the cofactors. These factors 

may belong to one of three classes, which are TBP-associated factors (TAFs), 

mediator or upstream stimulatory activity derived positive/negative factors. Once 

the pre-initiation complex has been formed at the proximal promoter region 

transcription initiation follows. TFIIH, which possesses helicase and kinase 

activity, is recruited together with TFIIE to clear the promoter for the Pol II 

activity. 

As the RNA Polymerase II begins to move into the coding region of the gene, 

several factors are recruited to the complex forming the elongation machinery. In 
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this elongation step, the nascent mRNA is formed. The elongation machinery is 

composed of factors involved in polymerization, mRNA processing and export. 

RNA Polymerase II itself is phosphorylated at two sites giving its C terminal 

domain several possible configurations that affect its binding to other factors 

(Buratowski 2003). The phosphorylation of Pol II influences the appearance of 

histone marks that are read by various other proteins. These marks may be 

acetylation, methylation and ubiquitynation. These posttranslational modifications 

of the histone proteins are thought to change the structure of chromatin and 

provide docking sites for other proteins. Transcription termination occurs by 

recruitment of 3’ end RNA processing machinery by the C terminal domain of Pol 

II (Fuda et al. 2009b). 

Once an mRNA has been transcribed, its stability underpins the next step, that 

of protein translation (for a review see (Guhaniyogi & Brewer 2001, Wu & 

Brewer 2012). The stability of mRNA determines the time window available for 

translation events, and mRNAs with shorter half-lives decay faster and are more 

dependent on turnover. The polyadenyline (poly A) tail of an mRNA plays crucial 

roles in posttranscriptional events including processing and mRNA shuttling and 

mRNA stability and decay. Shortening of this poly (A) tail (deadenylation) by 

various mechanisms involving deadenylase enzymes leads to mRNA degradation. 

mRNA decay can also occur independently of the polyA-tail shortening through 

the endoribonucleolytic pathway. Endoribonucleases like PMR1, ERN1/IRE1 and 

Zc3h12a target actively translating mRNAs for destruction. Finally, mRNAs 

aggregate into stress granules and P bodies later targeted for mRNA processing or 

destruction. RNA binding proteins that bind to specific sequences inside the 

mRNA modify and regulate further RNA processing (Kishore et al. 2010). They 

may also process the mRNA for degradation depending on other intracellular and 

extracellular cues. Non-coding RNAs like the microRNA (Fabian et al. 2010), 

siRNA, small vault RNAs and long non-coding RNAs have been implicated in 

mRNA degradation in recent years. 

Thus, a number of protein families ranging from those that act on the 

chromatin level to the sequence-specific transcription factors, aid in transcription 

of genes. They expose the coding regions on which the transcriptional machinery 

binds and generates mRNA that will be further used to synthesize the proteins. 
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2.1.6 Major transcription factors in kidney development and 
inductive signaling 

Several transcription factors that are key players in the organogenesis of kidney 

have been identified and their roles in the development of nephron formation and 

maturation studied. These factors mediate primary developmental mechanisms 

such as the division and renewal of stem cells, differentiation of their daughter 

cells, MET, cell polarization, reciprocal inductive tissue interaction, budding and 

branching morphogenesis. 

Table 1. Major transcription factors active in the developing kidney. 

Transcription 

factor 

Known function in kidney development 

Odd1 Earliest marker of kidney progenitor cells 

Pax2 Key determinant of early nephron lineage and also a terminal differentiation marker 

Pax8 Putative regulator of WT1 during kidney development 

Six1 Regulator of Sall1 

Six2 Upregulates GDNF 

Sall1 Required for invasion of the ureteric bud 

Eya1 In combination with Six1 and Pax2 acts as key metanephric fate determining factor and 

regulates GDNF 

Lim1 Critical for survival of the nephric duct and also functions later during nephrogenesis 

WT1 Required for the process of MET, putative regulator of Wnt4. Mutation in WT1 causes 

childhood kidney tumor 

The major factors in kidney morphogenesis include Odd1 (Odd Skipped related 1 

/OSR1), Pax2, Pax8, Six1, Six2, Six4, Sall1, Sall4, Eya1, Lim1 and WT1 (Table 1 

and Figure 4). Odd1 is one of the earliest genetic markers of the kidney 

progenitor cells and its knock-out results in a failure to form the metanephric 

mesenchyme (James et al. 2006).  As already introduced, Pax2 is a key early 

determinant of the nephron lineage of cells and also a terminal differentiation 

marker of the nephron segments (Narlis et al. 2007). Six1 induces transcription of 

another transcription factor Sall1 and also synergistically interacts with Eya1 and 

Pax2 to induce expression of GDNF, the critical signal to advance ureteric bud 

development (Xu et al. 2003). Six2 is also known to upregulate GDNF as well as 

thought to maintain the metanephric mesenchyme in an undifferentiated state 

(Kobayashi et al. 2005). The Etv4 and Etv5 factors mediate formation of the tip 

regions of the ureteric bud. The metanephric mesenchyme expressed Sall1 is in 

turn required for invasion of the ureteric bud, which later provides the signal for 
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continuation of nephrogenesis (Nishinakamura et al. 2001). As introduced earlier 

(section 2.1.4), WT1functions both in the early and late stages of nephron 

development and is required for MET of metanephric mesenchyme and later for 

podocyte differentiation (Kreidberg et al. 1993). 

The introduced transcription factors are thought to regulate expression and 

function of a plethora of downstream genes involved in many signaling pathways 

linked to nephrogenesis. These include genes for Wnt4, Wnt9b, and Wnt11 

(Carroll et al. 2005, Majumdar et al. 2003, Stark et al. 1994a), whose role in 

morphogenesis has already been described above (section 2.1.3). 

2.2 Transgenic mouse lines as models of kidney development and 
disease 

Genetic techniques and model systems that allow manipulation of specific genes 

are important for studying the roles of genes in development by specifically 

ablating them in the growing embryo (Gawlik & Quaggin 2004, Kohan 2008, Ly 

et al. 2011).  Knock-out studies that completely eliminate gene expression and 

those utilizing the knock-down approach that results in a significant reduction in 

gene expression have led to accumulation of valuable knowledge about the role of 

individual proteins in developmental control. Control of exogenous gene/marker 

expression at specific time points in the lifetime of the organism is crucial for 

studying the role of a gene in development. Protein function is time-dependent 

and development-related genes exert their roles at specific time windows. 

Altering their expression profiles that result in gene functions outside of these 

time windows may result in impaired development and will not serve to study 

their individual roles. 

The Cre-Lox P technology is one of the most commonly used techniques that 

allows spatio-temporal manipulation of crucial genes at pre-defined time points 

(Akagi et al. 1997, Sauer 1998).  Depending on the design of targeting, the Cre-

LoxP technique will either delete the functional region of the target gene resulting 

in knock-out or will excise out inhibitory sequences that will activate expression. 

Modifications of this technology have also been employed to knock-in genes of 

interest in a spatially and temporally regulated manner (Stricklett et al. 1999).  

When combined with inducible systems, this technique gives control over the 

time points when the gene of interest can be turned on or off. 
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Fig. 4. Transcription factors operating in the MM regulating the formation/branching of 

the ureteric bud and the process of MET. 
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The Cre-Lox P technique is dependent on Cre recombinase, a naturally occurring 

protein that functions to catalyze recombination of DNA at specific palindromic 

sequences (Nagy 2000). These LoxP palindrome sequences are cloned to flank the 

ORFs of genes of interest and then subjected to recombination events by 

expressing the Cre protein. Spatiotemporal regulation of Cre protein expression is 

achieved by making use of the promoter regions of various genes. These promoter 

sequences have been cloned from genes whose natural expression pattern is 

identical or similar to the desired expression profiles of the gene under study. A 

large number of validated Cre lines are currently available; these include Cre lines 

which are expressed in the developing kidney, such as the Wnt4-Cre, HoxB7-Cre 

and Tie1-Cre (Gustafsson et al. 2001, Shan et al. 2009, Yu et al. 2002). 

The exogenous promoter and the Cre-coding sequences are cloned in loci 

such as the ROSA26 locus that is ubiquitously expressed (Soriano 1999, Srinivas 

et al. 2001). Promoters can also include features that render Cre expression 

inducible by small molecules or drugs. For example, the tamoxifen-inducible Cre 

expression finds extensive use in studying the role of developmental genes 

(Jokela & Vainio 2007). 

The Cre-Lox P technology has been used in many applications aimed at 

imaging, organelle/tissue targeting, cell lineage tracing and cell type ablation. 

Cessation of cellular function or total loss of specific lineages of cells during 

embryonic development or in an adult organism as a result of genetic changes or 

environment-induced injury will lead to disease conditions (reviewed in (Fuchs & 

Steller 2011). A systematic study of these diseases requires the ability to 

experimentally target and deplete specific cell types in model systems. One of the 

methods used to cause experimental damage to cell populations is the use of toxin 

molecules. Toxic proteins produced by pathogens have been engineered to target 

cell and tissue types (Buch et al. 2005, Saito et al. 2001). This ability to target 

specified precursor populations of cells will increase our understanding of the 

roles of these cells in development. 

2.2.1 Lodavin fusion protein and its use in targeted drug delivery 

Avidin is a homo-tetrameric protein with four identical subunits, each of which 

can bind to biotin with a high degree of affinity and specificity (Lesch et al. 

2010). The dissociation constant (Kd) of avidin-biotin complex is about 10−15 M, 

making it one of the strongest known non-covalent bonds. This remarkably high 
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binding may allow cell-level manipulations to study the role of specific cell 

lineages during development (Elia 2008). 
A previously described fusion protein between the low-density lipoprotein 

receptor (LDLR) and avidin (Lodavin) has been used to target biotin-coupled 

ligands to cells (Figure 5) expressing the fusion protein with high efficiency 

(Lesch et al. 2009). In the study by Lesch and coworkers, the authors transduced 

the BHK cells with SFV viruses driving the expression of Lodavin, and found that 

the fusion protein is expressed in high levels being located both on the cell 

surface and in vesicular fractions. Moreover, in vivo transduction of rat cerebral 

tumors with the same virus showed clear accumulation of biotinylated transferrin 

molecules at sites of LDLR-avidin expression. 

Fig. 5. Schematic representation of the avidin-low density lipoprotein receptor fusion 

protein at the plasma membrane. 

2.2.2 Kidney nephropathies and glomerulopathies 

One of the common denominators of kidney diseases is injury to the glomerular 

podocytes (Barisoni et al. 2009, Zoja et al. 2006). Podocyte injury can result from 

ageing or a variety of pathologic disease conditions arising due to genetic changes 

or external stimuli. The molecular mechanisms that lead to podocyte injury and 
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damage may include abnormal structure/function of the proteins in the filtration 

apparatus, aberrant activities of transcription factors in the nucleus, energy 

production perturbations, calcium concentration changes, immune/autoimmune 

and inflammatory insults. Podocyte malfunction and eventual loss is a central 

event in the development of chronic kidney diseases. Reduction in podocyte 

number leads to inflammation and fibrosis of the tubulointerstitial space that 

manifests as glomerulosclerosis. The resulting reduction in the glomerular 

filtration efficiency leads to kidney dysfunction and proteinuria. 

The major transcription factors associated with podocyte injury include WT1, 

Pax2, LIM1β, Pod1, FOXC2, MATH6, HIFs, PPAR-gamma, and components of 

the Notch pathway. WT1 has a key role in kidney organogenesis, and the major 

types of kidney diseases are associated with perturbations in podocyte WT1 

expression levels (Niaudet & Gubler 2006). WT1 gene mutations cause kidney 

diseases like the Denysh Drash Syndrome and the Frasier Syndrome. The many 

isoforms of WT1 resulting from splicing events could broadly be classified into 

two different populations depending on their functions. These are the -KTS form 

that lacks three amino acids (lysine, threonine and serine) that preferentially bind 

to DNA, acting as a transcriptional regulator, and the +KTS form that contains the 

three amino acids and is shown to function by binding to RNA. Pax2 is a direct 

target of WT1 and its misexpression is associated with the Denysh Drash 

Syndrome (Yang et al. 1999). LMX1B and its downstream targets COL4A4 and 

COL4A3 are the causal agents of the Nail-Patella syndrome, which is 

characterized by dysplasia of the nails, elbows and progressive nephropathy 

(Bongers et al. 2002). 

Transcription factors afflict podocyte injury by their interaction with other 

gene regulatory networks and by altering interaction with other cofactors 

affecting their target gene regulation. It has been shown that, in cultured mouse 

podocytes, the mitochondria play a primary role in maintaining energy 

homeostasis, with the glycolysis taking a secondary role (Abe et al. 2010).  

Alterations in mitochondrial function contribute to podocyte injury. COQ2 

Nephropathy is a recently described renal disease, in which inherited mutations in 

the COQ2 gene result in a rapid onset of end-stage renal disease (Diomedi-

Camassei et al. 2007).  This nephropathy manifests as renal lesions with 

malformed mitochondria and glomeruli. Mutations in the gene encoding the 

Transient Receptor Potential Channel (TRPC6), which is involved in the 

regulation of intracellular calcium concentrations, also cause a glomerular disease 

(Kriz 2005, Mukerji et al. 2007).  These mutations appear to increase the 
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intracellular calcium concentrations resulting in podocyte injury. Immunoglobulin 

A (IgA) nephropathy is a common type of nephropathy caused by deposition of 

IgA1 in the mesangial cells of the glomeruli. This triggers local production of 

cytokines and growth factors leading to podocyte damage (Floege 2011). 
One of the other major causes of podocyte injury are genetic or stimuli- 

induced changes in the protein composition of the slit diaphragm. The affected 

proteins include nephrin, podocin, neph1 and the signaling components fyn, yes, 

nck, CD2AP (Kawachi et al. 2009, Patari-Sampo et al. 2006). Nephrin (NPHS1) 

was the first component identified to be mutated in the Finnish-type congenital 

nephrotic syndrome. Similarly, other components of the slit diaphragm like 

podocin and TRPC6 were found to be mutated in the familial or acquired kidney 

diseases. When the slit diaphragm proteins are mutated or misexpressed, the 

functional gate is misplaced or heavily malformed, leading to leakage of plasma 

proteins. 

In the case of diabetic nephropathy multiple factors arising out of the diabetic 

condition like high glucose, reactive oxygen species, cyclin-dependent kinases 

and TGFB lead to serious podocyte stress causing hypertrophy (Stieger et al. 

2011). Angiotensin II concentrations increase in diabetic kidney and the renin-

angiotensin system affects the activity of various other pathways including the 

TGFB pathway (Campbell et al. 2011).  Nephropathy induced by viral infections 

like the HIV is characterized by the loss of mature podocyte markers including 

nephrin and podocin and the appearance of immature podocytes. This is typical to 

the collapsing glomerulopathy and is accompanied by loss of the foot processes 

and podocyte dedifferentiation (Shah et al. 2006). 

A key feature that determines the pathological effect of glomerular injury is 

what happens to the podocyte number as a whole in the kidney. If the podocyte 

number is not significantly affected, the condition does not proceed to end stage 

disease. However, if there is depletion in the number of podocytes it ultimately 

leads to sclerosis. This is primarily defined by how the podocytes respond to the 

initial pathological stimuli (Barisoni et al. 2009, Shankland 2006).  They may 

change their shape and phenotype, undergo apoptosis, be subjected to 

developmental arrest, or even dedifferentiate back into immature podocytes. 

Depending on the response, the clinical manifestation differs and several types of 

kidney diseases with various degrees of renal pathology have been identified 

(Barisoni et al. 2007). 

Broadly these fall into three or four types such as Minimal Change 

Nephropathy (MCN), Focal Segmental Sclerosis (FSGS), delayed maturation 
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(DMS) and Dedifferentiation (CG). MCN is characterized by foot process 

effacement and microvilli formation. The actin cytoskeleton shows extensive 

rearrangements, but the kidney shows normal gross morphology under light 

microscopy. There is no reduction in podocyte number and no sclerosis of the 

glomeruli. FSGS shows the characteristic sclerosis in the glomerular tufts and 

severe proteinuria (Benchimol 2003).  Additionally this is accompanied by 

deposition of hyaline, formation of foam cells, podocyte adhesion to the Bowman 

capsule and the overall reduction in their number. In advanced stages, there is a 

reduction in renal mass, renal dysplasia and local inflammation, which further 

drive it to the end stage disease. Immature podocytes are a dominant character of 

the DMS and CG conditions of kidney disease. Developmental arrests due to 

genetic abnormalities may stall the populations of podocytes at a precursor stage 

with limited filtering capabilities. Mature foot processes are either not formed (in 

the DMS) or are lost and replaced with microvilli (in the CG). Focal Sclerosis is 

observed primarily due to mesangial sclerosis and mesangial expansion in DMS. 

CG shows basal membrane collapse and widespread podocyte hypertrophy. 

2.2.3 Animal models of podocyte injury and ablation to study kidney 

disease 

Many study models are currently used to mimic kidney disease conditions 

(D'Agati 2008, Leeuwis et al. 2010).  These include remnant kidney models like 

the 5/6th nephrectomy, targeted drug and toxin administration, genetic models 

with gene disruptions and models involving administration of a protein or 

lipopolysaccharides (Table 2). These different models resemble specific human 

nephropathic conditions and not only facilitate the study of effect of podocyte 

injury/depletion but also provide insights into the actual molecular mechanisms 

associated with its damage. 

Renal mass reduction by subtotal nephrectomy or the 5/6th nephrectomy 

model involves complete removal of one kidney and two-thirds of the other 

kidney by surgery (Nagata & Kriz 1992).  The resulting mechanical stress by the 

increase of fluid load on the remaining kidney leads to sclerosis within six 

months. This adaptive model of kidney disease is an extremely important one 

defining the very basics of the kidney malfunction. Administration of puromycin -

aminonucleoside (PAN) causes podocyte toxicity and induces symptoms similar 

to the MCN at low concentrations and FSGS at higher concentrations (FRENK et 

al. 1955, Leeuwis et al. 2010).  Another commonly used model in the study of 
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FSGS and MCN is the use of adriamycin (doxorubicin) (Lee & Harris 2011, 

Wang et al. 2000).  This model involves administration of the drugs at 

concentrations of about 1.5 to 7.5 mg/kg in rodents. The histological changes are 

similar to FSGS induced by the thinning of the glomerular endothelium and 

podocyte effacement. 

Table 2. Available animal models to study nephropathies. 

Animal model Kidney disease Disease mechanism Reference 

Subtotal nephrectomy FSGS Mechanical stress Nagata & Kriz 1992 

Puromycin aminonucleoside MCN Podocyte toxicity Frenk et al. 1955 

Adriamycin FSGS Increased free radical 

production 

Lee & Harris 2011 

Diphtheria toxin FSGS Inactivation of the 

polypeptide chain elongation 

factor 

Buch et al. 2005 

Transgenic mice affecting 

slit diaphragm and foot 

process components 

FSGS Malformation/dysfunction of 

slit diaphragm or podocyte 

foot processes 

Mollet et al. 2009 

kd/kd CG Mitochondrial abnormalities Barisoni et al. 2005 

Transgenic HIV models CG Multifactorial including viral 

proteins and host response 

pathways 

Rosenstiel et al. 2009 

db/db DN Leptin deficiency leads to 

obesity and insulin 

resistance 

Sharma et al. 2003 

iNOSTg  DN Nitric oxide mediated 

destruction of β cells 

Takamura et al. 1998 

Streptozotocin DN Selective damage of insulin 

producing β cells of the 

pancreatic islets 

Tesch & Allen 2007 

Protein overload 

nephropathy 

Podocyte damage Alteration of anionic groups 

of the glomerular capillary 

Ly et al. 2011 

Protamine sulphate and 

lipopolysaccharide 

Foot process 

damage 

Charge alterations of the 

glomerular basement 

membrane 

Saito et al. 1982 

Several models have been developed to mimic human nephropathy induced by 

genetic alterations. The disruptions are focused on proteins that compose the slit 

diaphragm as well as on proteins of the podocyte foot processes and cell body. 

Nephrin knock-out (Putaala et al. 2001) causes enlargement of the Bowman’s 
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space, dilated proximal and distal tubules and expansion of the mesangial 

population. A tamoxifen-inducible model of podocin recapitulates nephrotic 

syndrome symptoms by 11 weeks after the drug administration (Mollet et al. 

2009). This model develops FSGS showing focal lesions and nephrotic range 

proteinuria. Other inducible models targeting the alpha actinin 4 and CD2AP 

proteins have also been used. Some mouse and rat models are available for study 

of diabetic nephropathy (reviewed in (Brosius et al. 2009). Streptozotocin (STZ) 

injection destroys the β cells of the pancreatic islets leading to type 1 Diabetic 

nephropathy (Tesch & Allen 2007). Type 2 diabetic nephropathy is often studied 

with the db/db mouse, which has a non-functional leptin receptor (reviewed in 

(Sharma et al. 2003). With age these mice become obese and develop type II 

diabetes followed by DN. Many animal models are available to study the 

collapsing glomerulopathy associated with HIV (reviewed in (Rosenstiel et al. 

2009). Apart from proving useful in the study of disease cause and progression 

these models have also provided insights into viral evolution, host response and 

the connection to genetic susceptibility. 

Ectopic toxin-aided podocyte injury models address a very specific question 

of whether injury and depletion of podocytes alone can lead to nephropathy. 

Models that target human toxins specifically to the rodent podocytes by 

transgenic expression of the toxin receptors cause FSGS lesions and albuminuria. 

Nephrin and podocin promoters have been used to direct the toxins to podocytes 

(Leeuwis et al. 2010). In one study podocin promoter was used to direct 

diphtheria toxin (Buch et al. 2005, Wharram et al. 2005) to the podocytes while 

in another model, injury was induced by treating mice expressing human CD25 

under the nephrin promoter with an anti-Tac (Fv)-PE38 (LMB2) immunotoxin 

(Matsusaka et al. 2005). 
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3 Outline of the Research 

The overall aim of this project was to identify the upstream signals that control 

the expression of Wnt4 in the developing kidney and to develop genetic 

engineering tools to target specific cell lineages to study their roles in 

development and disease. In order to understand the regulation of Wnt4 

expression, we utilized the mK4 cells and the Xenopus laevis pronephros. 

Regarding the generation of novel mouse lines, we exploited transgenic lines 

containing the floxed cassettes for the expression of the Avidin-LDL fusion and 

the human diphtheria toxin receptor. 

The main aims of this project: 

1. To investigate the mechanisms which control the spatiotemporal expression 

pattern of Wnt4 during kidney development by in vitro and in vivo studies. 

2. To generate a ‘Lodavin’ transgenic mouse line to express avidin in precise 

locations as a fusion with the LDL receptor to provide a new tool for cell 

imaging and isolation as well as for drug targeting. 

3. To express the receptor for diphtheria toxin in specific cell lineages of the 

kidney and use this system for cell ablation. 
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4 Material and Methods 

The materials and methods used in this thesis are summarized in Table 3. Detailed 

descriptions with references can be found in the original articles I-III. 

Table 3. Materials and methods. 

Method Original publication 

Mouse lines, xenopus laevis sps and cells I-III 

Cloning strategies and DNA manipulations I-III 

Cell culture and transfections I 

Protein-protein interaction techniques and immunoreactions I 

Xenopus laevis embryo manipulations and microinjections I 

Embryo preparation and expression analysis I-III 

Embryonic stem cell targeting and chimera generation II 

Mouse genotyping I-III 

Histology and immunofluorescence I-III 

Toxin administration and mouse physiology analysis III 

Electron microscopy III 

PCR and RTPCR methods I-III 

Radioactive labeling of oligonucleotides I 

Photography and image analysis I-III 
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5 Results 

5.1 WT1 and Sox11 synergize in regulation of Wnt4 during kidney 

development (article 1) 

5.1.1 Several factors implicated in murine kidney development affect 

transcription of the Wnt4 gene 

According to the currently held view, activation of the Wnt4 gene expression and 

the Wnt4 protein synthesis is an essential step in the induction of nephrogenesis. 

It is thought that the Wnt pathway including the Wnt4 signaling triggers MET of 

the predetermined cells within the metanephric blastema. Identification of the 

upstream factors that trigger the Wnt4 gene expression is expected to shed light to 

the actual mechanism of kidney tubule induction. Given this we set out to identify 

the mechanisms that control expression of this gene by using the mK4 cells as a 

model. These cells are derived from the metanephric mesenchyme of the 

embryonic kidney and also express the Wnt4 gene endogenously. Therefore, we 

considered this cell line as a useful model to study the molecular mechanisms 

involved. 

First we tested a panel of growth factors, transcription factors and small 

molecules used in in vitro kidney development studies to investigate their effect 

on the Wnt4 gene regulation. The Wnt4 mRNA levels were measured in these 

cells before and after treating them with the factors. These factors were chosen 

based on two criteria, namely their reported role in kidney development and their 

temporal expression pattern. Of the nine tested growth factors BMP4 was found 

to have an inductive effect on the Wnt4 gene regulation. (Figure 1 in I). This 

growth factor has earlier been shown to affect differentiation of the metanephric 

mesenchyme (Raatikainen-Ahokas et al. 2000). 

In contrast, EGF, FGF2, FGF7, GDNF, TGF and VEGF had an inhibitory 

effect on Wnt4 transcription. It was the same case with two of the small molecules 

tested, namely LiCl and retinoic acid. It is interesting to note that the glucose 

concentrations of the growth medium in which these cells were cultured also 

affected Wnt4 transcription. At concentrations of over 4.5 mg/mL glucose 

induced the Wnt4 gene expression appreciably. Of the transcription factors tested 

Six2, GATA4 and GATA6 had an inhibitory effect. WT1 on the other hand did not 

seem to affect the Wnt4 mRNA levels in the tested cells by itself. However, 
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dominant negative forms of WT1, namely WT1 P129L and WT1 F154S, had an 

inhibitory effect on the gene expression. This result is in agreement with 

previously reported data, which suggests that WT1 has a regulatory role on Wnt4 

expression (Sim et al. 2002b). 

5.1.2 Wnt4 proximal promoter analysis and characterization of 

promoter properties 

In further studies we used the mK4 cell model to experimentally identify the 

minimal promoter of the Wnt4 gene required for transcription. Towards this end 

we cloned several fragments of the proximal promoter in pGl3 vector (Invitrogen) 

in front of the coding region for luciferase gene. These proximal promoter 

fragments had an identical 3’ end that corresponds to the nucleotide -27 of the 

mouse Wnt4 gene (where the nucleotide A of the translational start site ATG is 

numbered as +1). The 5’ ends ranged from 96 bp to 4254 bp upstream of the 

translational start site. In transfection studies utilizing the luciferase reporter 

assays, we identified a basal promoter of about 550 bp (Figure 2 in I) The 

promoter activity remained comparatively high even with the fragment of 886 bp. 

Constructs containing longer or shorter fragments than these gave lower 

luciferase readings, suggesting that this region of about 800 bp immediately 

upstream of the ATG contains the basal promoter of Wnt4. 

In silico analysis of the Wnt4 promoter using the Genomatix software 

provided clues about its transcriptional regulation mechanisms. The promoter 

does not contain a TATA binding site or CAAT box elements. However, two GC 

rich CpG islands were found at positions -251 bp and -424 bp. Being a very 

important factor, Wnt4 is expected to have a complex regulatory mechanism in 

the kidney. Further analysis with the Genomatix Software indicated putative 

binding sites for several transcription factors, which are known to function in the 

metanephros development. 

We also aimed to identify the transcriptional start sites of the Wnt4 mRNA by 

primer extension analysis. For this we radioactively labeled a 21-bp 

oligonucleotide that is inverse and complementary to the -1 bp to -22 bp positions 

of the mouse Wnt4 gene and used this to identify the 5’ end of the Wnt4 mRNA. 

We obtained two fragments of about 80 bp and 350 bp (Figure 2 in I). This 

suggests that there are two populations of Wnt4 mRNA in the developing kidney. 

However, the transcript with an 80 bp long 5’ UTR appears to be the dominant 

one and may represent the functional form of Wnt4 in this tissue. 
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In conclusion, using the mK4 cell line model we defined the minimal 

promoter required for Wnt4 gene transcription. We also identified two 

transcription initiation sites in the promoter region and identified putative binding 

sites for several transcription factors. 

5.1.3 Identification of Sox11 as a major interacting partner of WT1 to 

regulate the Wnt4 promoter 

Of the different factors tested for an effect on Wnt4 gene transcription, WT1 is 

interesting because, while the wild type forms (both the + and – KTS) did not 

affect Wnt4 gene transcription, the dominant negative forms down-regulated the 

gene expression. This led us to the conclusion that WT1 is required but not 

sufficient for Wnt4 gene transcription and that there may be other cofactors that 

function along with WT1 in controlling Wnt4 expression. In order to identify 

these possible cofactors we generated a 13.5-dpc embryonic kidney cDNA library 

and screened it for interacting partners with full-length WT1 (-KTS form) in a 

bacterial two-hybrid screen. 

The screen picked up several factors that have previously been known to 

function in the development of the metanephric kidney. The WT1 binding factors 

include Pod1, Sox11, Yin Yang 1, (YY1) Torsin1 and Pax2. Other proteins like 

Stathmin1 (STMN1), Rab10, Nicalin homolog NCln, Calmodulin 3 and TGIF2 

also bound to WT1 in this screening experiment. Pod1 is known to be essential 

for stromal cell development and glomerulogenesis (Quaggin et al. 1999). YY1 

functions in the intermediate mesoderm to regulate expression of Pax2 (Patel & 

Dressler 2004) and its expression is also seen later during kidney development. 

Sox11 is known to be expressed in the developing kidney and is associated with 

the process of MET (Hargrave et al. 1997, Plisov et al. 2000, Sock et al. 2004a). 

Pax2 is one of the earliest markers of the metanephric mesenchyme cell 

populations and a major player in kidney development (Eccles et al. 2002). 

In sum, the bacterial two-hybrid screen of the embryonic cDNA library using 

the full-length WT1 as bait identified several putative binding partners including 

Sox11. 
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5.1.4 WT1 and Sox11 synergistically upregulate transcription of the 
Wnt4 gene 

Having identified Sox11 as one of the physically interacting partners of WT1 in 

the two-hybrid analysis, we coexpressed Sox11 and WT1 in the mK4 cells, and 

tested their capacity to drive luciferase expression from the various Wnt4 

promoter constructs (from 363 bp to 4254 bp). We found a synergistic positive 

regulation of Wnt4 promoter by these factors with every construct (Figure 3A in 

I). The combined effect of the two transcription factors was several folds higher 

than the levels observed when transfecting either of them individually. Notably 

this activation could not be observed when we cotransfected the promoter 

constructs with dominant negative forms of WT1 either along with or without 

Sox11 (Figure 3B in I). 

5.1.5 WT1 and Sox11 physically interact in the developing kidney 

We next studied whether the physical interaction of the two transcription factors 

observed in the two-hybrid system could also be seen in in vivo settings. For this, 

we used an antibody against Sox11 to immunoprecipitate the putative 

transcription initiation complex from nuclear extracts of mK4 cells, which were 

transfected with the two transcription factors. The pull-down was analyzed by 

SDS-PAGE and western blotting with anti-WT1 antibody. We observed that WT1 

co-precipitated with Sox11 (Figure 6A in I). We also attempted to precipitate the 

complex first with anti-WT1 antibody and then examined whether Sox11 is pulled 

down. However, we were not able to see this. Identical results were observed 

when the immunoprecipitations were done on tissue extracts of the developing 

mouse kidney (Figure 6B in I). The physical interaction between Sox11 and WT1 

was confirmed also in immunoprecipitation experiments with tagged versions of 

the transcription factors. Sox11 and WT1 were fused with the Flag and GST tags, 

respectively, and the constructs were transfected into mK4 cells. The nuclear 

extracts were then subjected to pull-down with an anti-FLAG antibody. The 

complex was separated on a SDS gel and presence of the WT1-GST fusion 

protein was confirmed using anti-GST antibody (Figure 6C in I). 
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5.1.6 WT1 and Sox11 synergize in the developing pronephros of 
Xenopus laevis embryo and regulate expression of Wnt4 

In order to validate the observed synergy between WT1 and Sox11 in regulation 

of Wnt4 we used the Xenopus laevis pronephros model. Earlier studies have 

reported an overlapping expression pattern of xwnt4 and xwt1 in the growing 

pronephros. We first performed whole mount in situ hybridization experiments to 

identify the regions where xwt1, xsox11 and xwnt4 are expressed in Xenopus. 

This experiment showed a near overlapping expression of the three factors 

suggesting that the synergy observed in the luciferase reporter studies may be 

valid in vivo in Xenopus. At embryonic stages 24 and 26, the observed expression 

pattern was very similar. Co-localization of these factors was also confirmed by in 

situ hybridization with sections of Xenopus laevis pronephros (Figure 4 in I). 

Although xsox11 and xwt1 localized to areas where there was no xwnt4 

expression, we could clearly observe regions of the pronephros anlage where 

there was clear overlap of expression. We next studied the relevance of this 

overlapping expression pattern by knocking down the levels of either xwt1 or 

xsox11. Morpholino-aided knock-down of either of these transcription factors 

clearly down-regulated xwnt4 expression in the expected region. This was not the 

case with control morpholinos injected in the same region (Figure 5 in I). These 

results clearly demonstrated that in the Xenopus laevis pronephros, xwt1, xsox11 

and xwnt4 are spatiotemporally coexpressed, and these two transcription factors 

are required for transcription of xwnt4. 

5.2 Avidin-tagged LDL receptor (LODAVIN) expression using 
kidney-specific Cre expression: (Article II) 

5.2.1 Targeting of the Lodavin fusion gene into the Rosa 26 locus 

We used the pBigT vector containing the cDNA for a fusion between LacZ and 

neomycin resistance gene to generate the Lodavin fusion gene. The Lodavin 

cDNA was inserted downstream of the β-geo fusion. The final cassette contains 

the flanking arms of homology to the Rosa26 locus, which provides the basis for 

insertion. This construct was electroporated into embryonic stem cells, and 

positive colonies were selected. 

An EcoRV restriction site that we introduced during cloning was used for 

screening of correct targeting. Genomic DNA from the targeted cells was digested 
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with EcoRV restriction enzyme, blotted onto a filter paper and hybridized with a 

P32 labeled 5’ EcoRI/HindIII fragment of the pROSA 26-5’ targeting vector. This 

screening design gives a band of 3.8 kb in Southern blot analysis in the case of 

correct targeting (Figure 1 in II). Additionally, PCR was also used for screening of 

the targeted cell clones. Forward and reverse primers corresponding to the 

promoter of the Rosa 26 locus and to the splice acceptor region, respectively, 

amplified a 1576-bp product in the case of positive targeting (Figure 1 in II). 

5.2.2 Cre-mediated recombination induces expression of Lodavin in 

the growing embryonic kidney 

Three different Cre lines were used to induce the expression of the Lodavin 

fusion protein in specific cell types during embryogenesis. Embryos resulting 

from the crossing of the Lodavin mice with HoxB7-Cre mice showed Lodavin 

expression in the ureteric bud. Indeed, the ureteric bud-derived epithelial tree-like 

structure was clearly stained by biotinylated anti-avidin antibody (Figure 2 in II). 

Double staining with antibodies against cytokeratin and avidin showed clear 

colocalization. Subcellularly, the fusion protein localizes to the periphery of the 

ureteric bud cells, thereby reflecting the membranous localization of the LDL 

receptor. 

Another Cre line that was used to drive expression of Lodavin is the Wnt4-

Cre mice. Wnt4 is first expressed in the condensing mesenchyme around the 

ureteric bud tips from where the Wnt4 positive cells go on to comprise the whole 

nephron. Indeed, we could trace this fact by following the expression of Lodavin 

in the embryos of Wnt4Cre; Lodavin floxed mice. Lodavin expression is observed 

in the comma- and S-shaped structures derived from the pretubular nephron 

progenitors (Figure 3 in II). 

The third Cre line used to cross the floxed Lodavin mice was the Tie1-Cre 

transgenic line. Clear colocalization of anti-CD31 and Lodavin staining was 

obtained in the kidney sections indicating Lodavin expression in the endothelial 

cells (Figure 4 in II). 

In conclusion, using the three different Cre transgenic mice lines we were 

able to show expression of the Lodavin fusion protein in specific cell types of the 

developing kidney. 
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5.3 Diphtheria toxin-mediated podocyte ablation 

5.3.1 Diphtheria toxin administration is toxic to the transgenic mice 

expressing the human diphtheria toxin receptor 

We used the iDTR mice containing a floxed cassette for the human DT receptor in 

the Rosa26 locus to specifically target the podocytes of the glomeruli in order to 

mimic common nephropathic conditions. Since podocyte damage is a common 

feature of different kidney diseases, our model allows detailed understanding of 

the disease mechanisms as well as the role of podocytes in kidney function. 

Intraperitoneal administration of different concentrations of the diphtheria 

toxin to the iDTR mice caused severe toxic effects comparable to manifestations 

in human kidney diseases (Figure 6). While the wild type mice that do not express 

the receptor showed no response to injection of the toxin, the transgenic lines 

exhibited several disease phenotypes. 

5.3.2 Podocyte ablation in iDTR mice injected with the Diphtheria 
toxin 

The kidneys of the mice injected with the toxin were harvested at different time 

points after toxin administration (from day 3 up to day 30 at the end of the 

experiment). General histology studies like the Masson’s trichrome and PAS 

staining showed that the space of the renal corpuscle was severely reduced 

nearing the point of collapse (Figure 3 in III). 

The tubules have microcystic dilation and a homogeneous proteinaceous cast. 

The Bowman’s capsule is not as dense as in the WT, and the amount of ECM 

seem to vary vastly. The distal tubules were more dilated than the proximal ones. 

Kidney cryosections were stained with anti-nephrin antibodies to look for the 

effect of the toxin on the podocytes (Figure 1–3 in III). Staining in the kidneys of 

the iDTR mice was compared to that in wild type mouse as well as to reported 

effects of podocyte damage with other models like the adriamycin and diabetic 

nephropathic model. In the toxin-treated iDTR mice we observed a steady 

deterioration of the podocyte morphology and the foot process structure after 

toxin administration. This was evident as a progressively decreasing nephrin 

staining with very little or no staining left at the later time points (Figures 1–3 in 

III). 
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Fig. 6. Schematic representation of the experimental design of the iDTR mice line 

aimed at DT-mediated podocyte ablation. 

Examination of the kidney samples by transmission electron microscopy (TEM) 

showed that the podocyte foot processes were partially affected already two to 

three days after toxin treatment (Figure 4–5 in III). This continued further as a 

total effacement of the foot processes resulting in a naked capillary basement 

membrane (Figure 4A in III). There was a marked expansion of the mesangial 

cells, accompanied by an increased production/secretion of the ECM components 

into the areas of the naked glomerular capillaries. There was an evident blocking 

of the glomerular basement membrane with a nonfiltering layer of abnormal foot 

processes that could be the cause of kidney dysfunction and accumulation of 

liquid (Figure 4A in III). Another prominent feature observed by electron 

microscopic imaging of these kidneys was the presence of fluid-filled cysts or 

vacuoles presumably in the degenerating podocytes. We observed no signs of 

regeneration events but could in turn see podocyte cell bodies that were in a 

process of detachment from the glomerular capillaries (Figure 3 in III). 
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6 Discussion 

6.1 Importance of Wnt4 in inductive signaling and significance of 

its transcriptional regulation 

The beginning of Wnt4 expression during kidney organogenesis is a key event 

and initiates a major phase in its morphogenesis. Wnt4 protein expression 

coincides with the process of MET in the metanephric mesenchyme that results in 

the nephron unit formation. Using the kidney mesenchyme-derived mK4 cell line 

and the Xenopus laevis pronephros models, we now present data that Wnt4 

expression is regulated synergistically by the WT1 and Sox11, a member of the 

SoxC family of HMG transcription factors. 

Previously available data suggest that a few factors including WT1 and Pax2 

are upstream of Wnt4 in the signaling events (Essafi et al. 2011, Sim et al. 2002a, 

Torban et al. 2006) observed to be active during MET. We focused on the actual 

transcriptional activation process and used reporter assays to identify the minimal 

promoter required for the Wnt4 gene activation. This upstream region of the Wnt4 

gene is highly heterogeneous devoid of TATA and GC box elements. In silico 

analysis of the Wnt4 promoter suggests that the regulation of the gene is highly 

complex. 

In order to identify the transcription start site (TSS) of the Wnt4 gene, we 

performed a 5’ primer extension analysis and identified two bands of size ≈80 bp 

and ≈350 bp. It is worth noting that the original work, which reported the cloning 

of the Wnt4 gene (Gavin et al. 1990), identified two Wnt4 transcripts of size 1.6 

kb and 4.7 kb in Northern Blot assays. The Wnt4 protein is about 351 amino acids 

long, equivalent to 1053 bp of coding exons. The longer 350-bp fragment that we 

observed in the primer extension analysis may represent the transcriptional start 

site of the 1.6 kb northern blot band of the original paper. However, in our 

experiment the smaller band of size 80 bp is the major one, and it is not clear if 

both of these transcript populations represent the functional Wnt4. It is also 

possible that dual promoters regulate the Wnt4 gene expression. The proximal 

promoter closer to the translational start site may be the prominent one and keeps 

the distal promoter inactive. But when the proximal promoter is inhibited the 

distal promoter gets activated, thereby driving Wnt4 expression. Whether these 

two mRNA transcripts result in the same or different proteins is not clear. It is 

possible that if the putative distal promoter is active, the published amino acid 
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sequence contains an amino terminal extension. Whether this has any specific 

functional role also remains to be studied. 

The role of WT1 in kidney development is well documented, and aberrations 

in its activity are associated with developmental abnormalities as well as kidney 

cancer initiation. WT1 is expressed in the early progenitors as well as the 

pretubular aggregates and later its expression localizes to the podocytes in the 

mature nephron. In the absence of this key transcription factor, the metanephric 

mesenchyme undergoes apoptosis resulting in renal agenesis. There is a 

considerable amount of data describing how WT1 exerts its dominant 

morphogenetic role in terms of regulating its downstream targets (Niaudet & 

Gubler 2006). Genes whose expression seems to be controlled by WT1 during 

kidney development include those that are involved in epigenetic control 

mechanisms, genes encoding components of the TGFB and BMP pathways, the 

MAP Kinase pathway and several Wnt pathway components. The dominant 

negative forms of WT1 that we have used in our experiments, namely the P129L 

and F154S, are present in undifferentiated mesenchymal blastemal cells called the 

nephrogenic rests (English & Licht 1999, Sharma et al. 1994). These 

premalignant lesions lead to nephroblastomas after acquiring additional mutations 

in other critical signaling components like β-catenin. 

6.2 Sox11 is a member of the SoxC family transcription factors that 

are important in organ development 

Sox family proteins in general have been known to have crucial roles in the 

development of the Aorta-gonad-metanephros (AGM) region and are well studied 

for their role in gonad/sex development. They are important transcription factors 

that have diverse and crucial roles in embryonic development. The Sox genes are 

classified into several groups based on the homology of their DNA binding 

HMG-box domain to the DNA-binding domain of the SRY gene as well as to 

other Sox members within the sub-groups (Hargrave et al. 1997, Schepers et al. 

2002). Sox8 and Sox9 have been reported to be important factors operating within 

the RET signaling pathway and take part in kidney organogenesis (Reginensi et 

al. 2011). SoxC group proteins comprising Sox4, Sox11 and Sox12 are expressed 

widely in the developing embryo including the central and peripheral nervous 

system, lung, gastrointestinal tract, pancreas, spleen, kidneys, gonads, branchial 

arches and mesenchyme (Lefebvre et al. 2007, Sock et al. 2004b). 
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Sox11 null mutants die soon after birth and have disrupted development of 

the heart arterial outflow tract, lung hypoplasia, asplenia, cleft lip and palate, open 

eyelids and skeletal deformities. It is expressed at sites of epithelial-mesenchymal 

interactions including mammary glands, branchial arches and genital tubercle. 

6.3 Tumor-associated mutant forms of WT1 that fails to synergize 

with Sox11 may promote Wilms’ tumor by inhibiting the Wnt4 
gene expression 

The novel synergy between WT1 and Sox11 that we have described in this study 

assumes significance in terms of the role of these signals in nephroblastomas. 

Given the fact that Wnt4 plays a key role in MET, discrepancies in the upstream 

signals that alter Wnt4 expression might be the trigger that directs the normal 

developmental path into that of kidney cancer. We now show that WT1 and Sox11 

are expressed in the same cells, and when either their individual activity or their 

synergistic interaction is altered, it affects expression of Wnt4, which is shown to 

initiate the process of MET. It is possible that during tumor formation, this 

disruption stops the pronephric pool from maturing further. Our transfection 

experiments with the dominant negative forms of WT1, as well as the morpholino 

knock-down of xwt1 in the Xenopus laevis pronephros, show reduced 

transcription of Wnt4. Data available on the mutant forms of WT1 clearly shows 

that they are associated with kidney anomalies, especially childhood kidney 

cancer. The P129L and F154S WT1 mutations occur in the WT1 domain, which 

has been shown to be involved in binding to other factors (English & Licht 1999, 

Mrowka & Schedl 2000, Reddy et al. 1995, Sharma et al. 1994). We speculate 

that these mutations affect the interaction of WT1 with Sox11. Indeed, Sox11 

failed to immunoprecipitate with these mutant WT1 isoforms. Whether the 

observed interaction between WT1 and Sox11 requires first binding to the DNA 

in the promoter region is not clear. 

It is also worth noting that we observed upregulation of transcription even 

with the shorter fragments that do not appear to have the consensus sequences for 

WT1 binding in in silico analysis. This may reflect the fact that WT1/Sox11 

synergy may depend on additional factors. It has been shown in other systems that 

Sox4/11 can activate the WntTopflash reporter with Sox4 binding to β-catenin / 

TCF-4 to upregulate Wnt signaling (Sinner et al. 2007). 

Taken together, we have studied the 5’ upstream region of the mouse Wnt4 

gene to address the mechanisms of regulation of this gene. WT1 is required but 
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not sufficient for Wnt4 expression. By using a two-hybrid system, we have 

identified Sox11 as an interacting partner that promotes Wnt4 transcription. In in 

vitro experiments mutant forms of WT1, which are associated with kidney 

tumors, fail to activate the Wnt4 promoter, and this may cause the nephron 

progenitor cells to self-renew. 

6.4 Lodavin mouse line serves as a model to study kidney 
development and its use in Imaging and Cell type purification 

The Lodavin fusion system (Lehtolainen et al. 2003) was developed to allow 

tissue-specific delivery of biotinylated compounds by taking advantage of the 

high affinity between the avidin-biotin pair of proteins. Avidin binds to biotin 

with a Kd of 10−15 M and is the strongest protein-protein interaction found in 

nature. This has earlier been used to enable highly specific delivery of 

biotinylated compounds to target tissues with high affinity. We demonstrate here 

that when the Lodavin mice are crossed with three different Cre-Recombinase-

expressing mouse lines, namely HoxB7-Cre, Wnt4-Cre and Tie1-Cre, there is a 

high-level, highly specific expression of the Lodavin fusion protein at sites that 

follow precisely the expression patterns of HoxB7, Wnt4 and Tie1, respectively. 

Lodavin mice crossed with the Wnt4-cre lines express Lodavin in the pretubular 

aggregates of the metanephric mesenchyme, which will further epithelialize to 

form the lining of the maturing tubules. Tie2cre; Lodavin mice show prominent 

expression in the endothelial cell network. 

Marking specific sets of cells by an ectopic molecule allows flexibility in 

manipulation of tissue types. Cell surface-expressed Lodavin should act as ‘a 

molecular handle’ allowing easy purification of target cell populations. Similar to 

targeted delivery of biotinylated drugs in the original Lentiviral Lodavin system, 

Cre protein-induced expression of Lodavin in these mice lines should allow 

cell/tissue specific delivery of biotin-tagged molecules. In the context of kidney 

development this can be employed to study the role of the Wnt4 expressing cells 

in kidney morphogenesis. These cells could be isolated and characterized using 

the avidin moiety of the Lodavin mice crossbred with mice of different Cre lines. 

Additionally these lines can be used to target biotinylated fluorochromes, 

quantum dots, and magnetic beads to these cells. 
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6.5 Diphtheria toxin-based podocyte depletion 

Diphtheria toxin administration to the iDTR mice expressing the human receptor 

to the DT toxin induced podocyte injury. The model we describe here 

recapitulates human nephropathic conditions induced by various causes. In 

histological preparations we observed glomerular tuft alterations with the 

podocytes losing their characteristic morphological features. At later time points 

of the experiments there was formation of sclerosis, reminiscent of the human 

FSGS conditions. We have not tested whether these lesions are made up of 

extracellular matrix components like glomerular collagen or hyaline deposits. It 

could be speculated that the sclerosis is a result of the blocking of the basal 

membrane of glomerular capillaries by a non-filtering layer of abnormal foot 

processes. The podocytes that are injured early may detach from the endothelial 

capillaries and create space into which the extracellular matrix components 

accumulate. 

6.6 Advantages of iDTR model of podocyte depletion over other 

models 

The advantage of this model over the other commonly used models is the 

specificity with which we can target the podocytes. In the Nephrin Cre mice, 

which we have used, the Cre recombinase enzyme is expressed specifically in 

these cells (Eremina et al. 2002). Therefore, the toxin receptor expression is 

induced only in the podocytes, and the resulting cell damage is highly specific for 

this glomerular cell population. No apparent injury was noticed in either the 

neighboring cells of the filtration apparatus or elsewhere in the kidney. This 

possibility to sequester the cause of nephropathy to the single entity of podocyte 

depletion gives a unique possibility to follow the molecular events that are 

downstream to podocyte injury. Our model is similar to toxin-mediated injury 

models that use the Cre-loxP technology to target specific cells and dissimilar to 

the models which rely on an overall, global toxic effect or on unknown causes. A 

possible advantage of the iDTR model is the spectrum of nephropathies that can 

be studied. This model gives more control on the extent of toxicity that can be 

directed to the podocytes by regulating the dosage and frequency of toxin 

administration. It is now possible to regulate the podocyte injury levels to mimic 

the different forms of podocytopathies like MCN, FSGS or end-stage disease to 

study their mechanisms and work out possible therapeutic mechanisms. 
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Another key advantage of this model is that it allows a system to address the 

possibility of tissue replacement and recovery. Human nephropathies call for 

therapeutic efforts, and one of the avenues currently under active research are cell 

replacement techniques. Podocyte precursor populations could be introduced into 

nephropathic mice, and the potential cell replacement/recovery strategies could be 

studied in more detail. We can presume that the diseased kidney could be 

secreting homing signals into the blood stream to attract stem cell populations 

into the injured area as one of the recovery mechanisms. Our model allows 

investigation of this scenario, since we can partially ablate existing podocyte cells 

and introduce potential precursor populations in an effort to replace the damaged 

podocytes. 
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7 Conclusions 

The study presented in this thesis addresses the spatiotemporal regulation of the 

Wnt4 gene during mammalian kidney development. We found that: 

1. A novel transcription factor interaction between WT1 and Sox11 is required 

for the regulation of the Wnt4 gene expression. 

2. Furthermore, we found that this interaction is important for the normal 

expression of Wnt4 and may initiate MET, which is a key phase during 

kidney organogenesis. The role we have identified for Sox11 during nephron 

formation is hitherto not reported and adds an important piece to the complex 

puzzle of transcription factor and signaling pathway interaction networks 

operative during kidney morphogenesis. 

3. We were also able to target specific populations of cells in the kidney, 

including ones that express Wnt4 using genetic engineering techniques, in an 

effort to provide easier means to study the roles of these cells and proteins in 

normal development and in disease conditions. The Lodavin expression 

system provides a powerful system to specifically target various biotinylated 

small molecules to these cells. In the iDTR-based model we have a system to 

mimic common nephropathic conditions and study their disease mechanisms. 
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8 Future Perspectives 

1. As a logical continuation of the present study, it would be interesting to study 

the physical interaction specificities of WT1 and Sox11. It would be 

rewarding to understand how this interaction might kickstart Wnt4 

transcription and how the putative PolII Transcription complex might be 

recruited to the Wnt4 promoter region. One of the questions that could be 

immediately addressed is how the WT1/Sox11 complex binds to the DNA. 

Given that Sox family proteins are ‘architectural’ transcription factors that 

function at the level of DNA configuration changes by bending the DNA, it 

would be interesting to see whether Sox11 actually facilitates binding of WT1 

to the promoter region. Since we observed physical interaction between these 

two transcription factors it needs to be seen which domains of these factors 

are involved in their interaction. The dominant negative mutant forms have 

mutations in the putative protein interaction domain of WT1. It is possible 

that these domains are indeed required for interaction with Sox11.  

Another key issue is that of functional redundancy of the Sox 

transcription factors. As indicated earlier, the SoxC family proteins have been 

reported to bind to an identical consensus sequence and to show redundant 

inductive or repressive effects on transcription (Lefebvre et al. 2007). 

It is important to look at whether the other SoxC proteins, namely Sox4 

and Sox12, also have similar inductive effects on Wnt4 and whether this also 

is dependent on WT1 activity. 

2. The Lodavin expressing cells should be isolated from whole tissues after 

dissociation. We believe that the avidin part of the Lodavin fusion can form a 

robust binding moiety for exogenous biotinylated compounds, and this should 

be useful even for microbead-based cell population isolation. If such a cell 

purification strategy provides pure cell populations, this can replace laborious 

FACS-based techniques. 

3. The iDTR model could be used towards understanding putative 

recovery/regeneration technologies that could be employed as therapy to 

nephropathy. Apart from providing a model system to study the 

podocytopathy conditions this could be used to study regeneration capacities 

of precursor populations. 
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