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ABBREVIATIONS

AGM  aorta-gonad-mesonephros qRT-PCR quantitative real-time PCR
A-P anterior-posterior RNA ribonucleic acid
AS antisense RUB1 rat ureteric bud cell line
BAC bacterial artificial chromosome siRNA small interfering RNA
bHLH basic helix-loop-helix spc spinal cord
BIO 6-bromoindirubin-3´-oxime TK tyrosine kinase

BAT -catenin-activated transgene YAC yeast artificial chromosome

cDNA complementary DNA WT Wilms’ tumor
DBA Dolicos biflorus lectin
DNA deoxyribonucleic acid
CSL CBF1, Suppressor of Hairless, Lag-1
dpc days post coitum
ECM extracellular matrix
ENU ethylnitrosourea
gal galactosidase
GFL GDNF family ligand
GFP green fluorescent protein
GPI glycosylphosphatidyl inositol
HSPG heparin sulphate proteoglycans
IM intermediate mesoderm
IRES internal ribosome entry site
JNK c-jun terminal kinase
LRP low density lipoprotein receptor-related protein
LT Lotus  tetragonolobus lectin
MDCK Madine Darby Canine Kidney
MEN multiple endocrine neoplasia
NICD Notch intracellular domain
PA polyA
PCP planar cell polarity
PCR polymerase chain reaction
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ABSTRACT
The permanent  mammalian  kidney  (metanephros)  develops  as  a  result  of  complex

reciprocal tissue interactions between a ureteric epithelium and the renal mesenchyme.
The overall goal of the research in this thesis was to gain data that will eventually help
in elucidating the formation of congenital renal malformations. The experiments in my
thesis aimed to reveal the mechanisms by which Notch, Wnt and GDNF/Ret signalling
pathways regulate the development of functional kidney.

The function of Notch pathway was studied by a transgenic mouse model, where a
Notch ligand, Jag1, is overexpressed in the presumptive and definitive ureteric
epithelium. In line with the results from other organs, it was shown that renal
development  is  sensitive  to  the  dosage  of  Notch  activity.  Overactivation  of  Notch
signalling disturbs kidney development and alters the expression of Gdnf and

Ret/GFR 1. This indicates that Notch signalling interplays with GDNF/Ret in the

regulation of the primary ureteric budding and its subsequent branching. The data also
suggested that strict spatio-temporal regulation of these two pathways is required for
determination of ureteric tip-identity, which appeared to be crucial for the branching.

The function of Wnt signalling in the ureteric morphogenesis was studied by in vivo
and in vitro methods to show that a canonical pathway is required for ureteric

branching. Stabilisation of -catenin in the cultured kidneys or specifically in the
ureteric epithelium results in renal aplasia/hypodysplasia. These defects originate from
severe blockage of ureteric branching due to the disrupted Ret signalling. Consequently,
ureteric tip specific markers are lost and stalk identity is expanded throughout the whole

epithelium.  Strikingly,  also  deletion  of -catenin from ureteric epithelium results in a

similar phenotype but through a different mechanism. In mice with epithelial specific -
catenin deletion Ret expression  is  lost  and  the  phenotype  mimics  that  of Ret-deficient

kidneys. Thus, the data demonstrates that the Wnt/ -catenin pathway plays an essential

role in the patterning and branching of the ureteric epithelium.
A novel in vitro method was generated and utilised in nephron induction studies to

reveal the mechanisms through which nephrogenesis is triggered. Transient GSK3
inhibition in isolated renal mesenchymes efficiently induced nephron formation through

the stabilisation of -catenin. Also genetic stabilisation of -catenin specifically in the

renal mesenchyme results in spontaneous nephrogenesis. Activation of the canonical

Wnt/ -catenin pathway also induced nephrogenesis in two mouse models where the
mesenchyme had never been in the contact with the epithelium demonstrating that the
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nephrogenic competence is established without the influence of the Wolffian duct or
ureteric bud. The results show that activation of the canonical Wnt pathway is sufficient
to initiate nephrogenesis, and suggest that this pathway mediates the nephron induction
in murine kidney mesenchymes.

Taken together, this thesis demonstrates Notch and Wnt signalling pathways as
novel regulators of ureteric branching morphogenesis, and that activation of the
canonical Wnt pathway is sufficient for nephron induction. The studies also indicate
that the Notch and Wnt pathways cross-talk with GDNF/Ret signalling in the patterning
of ureteric epithelium.



Kidney Induction Review of literature

10

Figure 1. Formation of three mammalian
kidneys. (A)  Pronephros  is  the  first  kidney  to
form  in  the  anterior  part  of  the  embryo.  (B)
Simultaneously to formation of (B) mesonephros,
regression of pronephric tubules begins and
nephrogenic cord is specified posteriorly to
mesonephros. (C) Induction of ureteric bud and
metanephros development (Saxen, 1987).

1. REVIEW OF THE LITERATURE
1.1 Introduction to kidney development

Embryonic kidney has been for decades a useful model to study induction as well as
cellular and molecular mechanisms of organogenesis. Like most organs in the body, the
kidney develops as a result of inductive interactions between the epithelial and
mesenchymal  tissues.  Here  the  term  kidney  induction  covers  all  inductive  events  that
control the formation of ureteric bud, its subsequent branching and differentiation of
nephrons.  The  morphological  steps  of  kidney  development  have  been  well
characterised, but only after extensive mouse genetics, we begun to understand the
signalling pathways and complex molecular networks regulating the formation of the
functional organ. In this literature review, I will first describe the morphological steps of
the kidney development, then go through the transcription factors critical for kidney
induction, and finally review what is known about the role of GDNF, Notch and Wnt
signalling in this process.

1.1.1 Pro- and mesonephros
In mammals and birds functional kidney develops in three spatially and temporally

distinct stages: pronephros, mesonephros and
metanephros (Fig. 1). Only the metanephros
differentiates into the permanent kidney in
mammals. The two others are transient structures
during the embryogenesis of higher vertebrates but
they contribute to the development of gonads and
adrenal glands. All three kidneys are derived from
the intermediate mesoderm (IM) that first forms a
nephric ridge in the dorsal  wall  of the body cavity.
After this specification, the formation of the
Wolffian (nephric) duct begins by caudal migration
of mesenchymal cells. These migrating
mesenchymal cells differentiate into the epithelial
tubule and which finally reaches the cloacae.

Pronephros is a functional organ in amphibians
and fish during the larval stages (for a review, see
Saxén, 1987). It is noteworthy that similar inductive
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interactions, signalling molecules and pathways seem to control the development of all
three kidney types demonstrating a conserved control also at the genetic level (Carroll
and Vize, 1996; Heller and Brandli, 1997; Heller and Brandli, 1999). Therefore, pro-
and mesonephros have proved to serve as simplified models to study nephron
development.

Mammalian mesonephros develops from mesodermal region also called AGM
(aorta-gonad-mesonephros). It is not known what are the factors involved in
specification of the AGM and how the area is further subdivided into distinct regions.
The AGM participates in the development of aorta and gonads, but it is also the source
of haematopoietic stem cells (Medvinsky and Dzierzak, 1996; Durand and Dzierzak,
2005). Cells derived from this region will eventually migrate to e.g. liver and bone
marrow where they contribute to definitive haematopoiesis.

Much of the knowledge of how mesonephros forms and functions is based on the
studies in amphibians and chicken. The mesonephros develops when the Wolffian duct
reaches the prospective mesonephric mesenchyme and induces adjacent mesenchymal
cells to condense. Thereafter the condensates will form mesonephric tubules leading to
the formation of nephrons (Saxén, 1987). In principle, both morphologically and
genetically, the process of nephrogenesis occurs in a very similar manner as seen later
in metanephros, which will be described in more detail in section 1.1.2. However, the
mesonephric tubules are segmented in a row next to the Wolffian duct, whereas in the
metanephric kidney the tubules are organized in more complex three-dimensional
orientation.

1.1.2 Metanephros
Main information of the cellular basis and tissue interactions driving the kidney

development comes from the studies of Grobstein and Saxén (Grobstein, 1956a;
Grobstein, 1956b; Saxén and Lehtonen, 1978; Saxén and Lehtonen, 1987). The
development of the metanephros, which is the permanent and functional kidney in
higher vertebrates, begins in mouse at E10.5-11 (Saxén, 1987) and in humans at around
E30. The differentiation of metanephric kidney depends on a series of reciprocal
inductive interactions between two tissues: the metanephric mesenchyme and the
Wolffian duct-derived ureteric bud. Currently many of the signals mediating these
interactions are known but we still understand poorly how different regulators are
integrated with each other.
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Figure 2. Metanephros development. (A)
Mesenchyme induces thickening of
Wolffian duct (WD), (B) which elongates
to  form a  ureteric  bud (UB).  (C)  The first
branching of the UB induces pretubular
aggregate formation. (D) UB continues its
branching and induction of nephrons.

Kidney development begins with the signals from the metanephric mesenchyme that
induce the emergence of a single ureteric bud from the Wolffian duct, and its invasion
into the metanephric mesenchyme (Fig. 2A-B). Next in response to mesenchymal
signals, the ureteric bud branches for the first time to form T-bud.  At this stage, the two
ureteric bud branches transmit signals that induce loose metanephric mesenchymal cells
first  to  condense,  and  then  to  form  pretubular  aggregates  at  the  armpits  of  the  T-bud
(Fig. 2C). The pretubular aggregates continue their epithelialisation and differentiate via
comma- and S-shape bodies into the various cell types of functional nephrons (Saxén,
1987). Simultaneously to the induction of the first nephrons, the ureteric bud continues
its branching (Fig. 2D), which is crucial for the growth and further differentiation of the
kidney. The branching pattern not only determines
the shape and size of the organ (al-Awqati and
Goldberg, 1998) but also influences on nephron
number. The same scheme of branching and
induction is repeated time after time to produce
approximately 30 000 nephrons in mouse and one
million in human (al-Awqati and Goldberg, 1998).

Ureteric branching follows always certain
patterns: the tip branches preferably in a bifurcation
manner but occasionally during the second round of
branching, also trifurcated pattern is observed. Very
rarely new branches are formed from the stalk of
the ureteric bud (Lin et al., 2001; Watanabe and
Costantini, 2004; Costantini, 2006). The cap
condensate, which is a specific cell population
within the metanephric mesenchyme surrounding
ureteric bud tips (Fig. 2), expresses genes that
regulate the ureteric branching (Sariola, 2002). In
addition to the reciprocal signalling between the
ureteric epithelium and mesenchymal cap
condensate, also the stroma of the developing
kidney contributes to control of ureteric branching
(Mendelsohn et al., 1999; Batourina et al., 2001;
Batourina et al., 2002).



Kidney Induction Review of literature

13

Figure 7. Experimental set-up for in vitro mesenchymal induction studies After enzymatic
treatment, ureteric bud is manually dissociated from the metanehprhic mesenchyme of E11 kidney.
The mesenchyme is then placed on top of porous filter, which allows cell contacts with the inducer
tissue, the spinal cord, placed on the other side of the filter (Saxen, 1987).

During renal differentiation also vessel formation and innervation must occur for the
proper function of the organ (Sariola et al., 1988). Recently it was shown that vascular
endothelial growth factor (Vegf) signalling in the renal angioblasts is required for
initiation of kidney differentiation (Gao et al., 2005). In addition, factors produced by
neurons may affect kidney morphogenesis (Saxén, 1987; Sariola et al., 1988).

1.2 Classical induction studies
Much of the knowledge of the cellular basis of tissue interactions involved in the

kidney development comes from the early tissue culture studies of Grobstein and Saxén
(Grobstein, 1956a; Grobstein, 1956b; Saxén, 1970; Saxén and Lehtonen, 1978; Saxén
and Lehtonen, 1987). In such organ culture system the metanephric mesenchyme is
separated from the ureteric epithelium and cultured on the filter with heterologous
inducer tissues such as spinal cord (spc) (Fig. 7). The early experiments suggested that
direct cell-cell contacts between the mesenchyme and the inducer are crucial in
triggering the nephron differentiation (Lehtonen, 1976; Saxén et al., 1976). The signals
produced in vitro by  the  spc  are  though  to  be  the  same,  or  very  similar,  to  those
provided by the ureteric bud in vivo. Although spc induction mimics in vivo
nephrogenesis fairly well, it results in only a fraction of nephrons that are normally
formed in intact kidneys suggesting a lack of proliferation of undifferentiated
mesenchymal cells. This, together with the fact that the whole mesenchyme is turned
into nephrons by spc, suggest that ureteric bud epithelium secrets additional signals that
potentially maintain and stimulate proliferation of nephron progenitors. It may be also
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possible that in the intact kidney, positional information within the kidney mesenchyme
prevents its differentiation into nephrons, and thereby potentially promotes the stromal
fate.

It has been speculated that Wnt proteins (see chapter 1.6) expressed in the spc
trigger the nephron differentiation (Kispert et al., 1998; Cho and Dressler, 2002). Wnt-
expressing cells in the contact with mesenchyme can induce nephron differentiation
(Kispert et al., 1998) but so far, no reports have been published showing that purified
Wnt proteins could trigger nephrogenesis. Similarly, intracellular activation of Wnt
signalling in isolated renal mesenchymes fails to induce nephrons even though the
pretubular aggregates are formed (Davies and Garrod, 1995). Inability of Wnt proteins
to induce nephron formation may result from the requirement of cell-cell contacts in the
induction process, or of the glycoprotein chemistry, which makes production of
functional soluble Wnt protein very challenging. The latter possibility is unlikely, since
purified Wnt proteins have been successfully used in other systems (Schulte et al., 2005;
Naito et al., 2006; Oloumi et al., 2006). Also the first possibility is improbable, since
nephron induction with soluble factors in isolated rat mesenchymes has been
demonstrated with rat pituitary extract (Perantoni et al., 1995) and also with certain
fractions of conditioned media from rat ureteric bud (RUB1) cell line (Karavanova et
al., 1996). Leukaemia inhibitory factor (LIF), which was then identified as an inductive
protein from RUB1 cells, and LIF in combination with basic FGF (FGF2) and

TGF /TGF 2 is able to trigger tubulogenesis in isolated rat mesenchymes (Barasch et

al., 1999; Plisov et al., 2001). The molecules of LIF and TGF pathways are expressed in
the developing mouse kidney (Pelton et al., 1990; Pelton et al., 1991; Nichols et al.,
1996), but the genetic evidence does not support their role in induction of nephrons
(Stewart et al., 1992; Escary et al., 1993; Nichols et al., 1996; Ware et al., 1995) since
the kidneys in the mice lacking either the LIF receptor gp130 or TGF 2 are normal
albeit small (Sanford et al., 1997; Barasch et al., 1999). Thus, the inductive potential of
above mentioned proteins appears to be quite limited as their function in mouse kidney
is neither sufficient (Cho and Dressler, 2002) nor essential for nephrogenesis.

The experiments described above suggest that either the inductive signals for
nephrogenesis  are  different  in  closely  related  rodent  species,  or  that  additional  signals
are needed to trigger tubulogenesis in mice. However, based on these findings the
molecular basis of nephron induction remains vague.
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1.3 Molecular control of renal differentiation by transcription factors
Transcription factors are proteins, which regulate the expression of other genes.

They, often in a complex with other proteins, recognize and bind short DNA sequences
in the promoters or enhancers. Depending on the mode of action, transcription factors
can either activate or repress the expression of down-stream genes.

Generation of targeted (Soriano, 1995) and gene trap (Chen and Soriano, 2003)
mutations in genes expressed in developing embryo have greatly facilitated our
understanding of the molecular mechanisms, which regulate embryogenesis. For
example, much of the knowledge in the genetic control of renal differentiation has been
obtained by deleting the function of a gene expressed in the developing kidney.
However, the conventional knockout mice are sometimes non-informative. Certain
genes are indispensable in early embryogenesis, for example during the gastrulation or
formation of the vasculature system and their deletion causes embryonic lethality prior
to the initiation of kidney organogenesis. The function of such genes can be studied by
conditional deletion strategy (Hadjantonakis et al., 1999; Nagy, 2000), where the gene
is deleted in an organ- or tissue-specific manner with the help of tissue specific
promoters and Cre-lox technique (Soriano, 1999). Redundancy may also mask the
importance of certain genes, which will only be revealed when redundant genes are co-
deleted from the genome.

In the following chapters I will introduce the transcription factors, which have the
established role in the early specification and differentiation of kidney. Gene functions
will be discussed in chronological order up to the T-bud stage. Due to the obvious
complexity and obscurity in the regulation, signalling pathways controlling the
transcription factors are only briefly mentioned if relevant for the pathways studied in
this thesis.

1.3.1 Pax2 and Pax8 are required for nephric lineage determination
Pax proteins belong to a family of paired box-containing transcription factors, which

are involved in the developmental control of several organs e.g. kidney, ear and eye
(Lang et al., 2007). In humans, mutations in PAX2 cause a rare renal-coloboma
syndrome characterised by optic nerve colobomas and renal abnormalities (Eccles et al.,
2003).  In the mouse kidney, the expression of Pax2 and -8 is initiated already in the IM
and maintained throughout the development of the pro- and mesonephros (Bouchard et
al., 2000). In metanephros, Pax2 is expressed in the ureteric bud and in the induced
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mesenchyme. Pax8 co-localizes with Pax2 prior to the metanephric induction, but when
the ureteric branching start, Pax8 expression gets restricted exclusively to the
mesenchyme, while Pax2 is still detected in the ureteric epithelium (Plachov et al.,
1990).

Deletion of Pax2 in  mice  results  in  a  complete  lack  of  kidneys,  ureter  and  genital
tract. The metanephric mesenchyme is morphologically detectable in the Pax2-null
embryos, but no ureteric buds are formed showing the indispensable function for Pax2
in the initiation of ureteric budding (Torres et al., 1995). The Pax2-deficient kidney
mesenchyme fails to express a key regulatory molecule of ureteric budding, Glial cell
line-Derived Neurotrophic Factor (GDNF). Pax2 binds to Gdnf promoter and can
activate its expression in a metanephric mesenchyme-derived cell line (Brophy et al.,
2001) suggesting that Pax2 may directly regulate Gdnf expression.

The genetic inactivation of Pax2 indicates that it is required already for the
differentiation of the IM. In the absence of Pax2, the gonads form but they lack the
structures that are derived from the IM, such as Müllerian ducts in females and Wolffian
duct-derived vas deferens and epididymis in male mouse embryos. The development of
mesonephric tubules is also disrupted in Pax2-/- mice (Torres et al., 1995) and,
consistent with that, the metanephric mesenchyme fails to respond to induction cues
also when stimulated by heterologous inducers (Brophy et al., 2001). The expression of
Pax2 is still detected during the glomerulogenesis suggesting that the protein functions
during the later nephrogenesis. This is further supported by congenital nephrotic
syndrome –like defects in Pax2-overexpressing mice (Dressler et al., 1993).

The mice deficient for Pax8 die at about 3 weeks of age due to thyroid defects, but
kidney development appears normal (Mansouri et al., 1998). Pax8 can functionally
replace Pax2 in zebrafish otic placode induction demonstrating redundancy between
these factors (Hans et al., 2004; Mackereth et al., 2005). The mice deficient for both
Pax2 and  -8 show  the  additive  requirement  of  the  genes  in  the  specification  of  the
nephric lineage in the IM. The mesenchyme-to-epithelium transition normally required
for Wolffian duct formation does not take place in Pax2/8 mutants,  which  also  fail  to
initiate the expression of Lim1 and Ret (Bouchard et al., 2002). Recently it was shown
that Pax2 and Pax8 regulate ureteric branching also after primary budding as the
number of ureteric tips and nephrons is significantly reduced in compound heterozygote
mice (Narlis et al., 2007).
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1.3.2 Wt1 is essential for mesenchymal survival and nephrogenic competence
Wilms’ tumour gene 1 (Wt1) encodes a zinc-finger tumour suppressor, which

transcriptionally controls target genes but also participates in RNA processing
(Hohenstein & Hastie, 2006). Paediatric cancer of the kidney, the Wilms’ tumours
(WT), affects 1:10 000 individuals and accounts approximately 8% of all malignancies
in children. WT is though to rise due to a metanephric mesenchyme differentiation
failure (Chen and Soriano, 2003). WT1 germ line mutations are found in 10% of WT
cases and splice alteration are detected in nearly 90% of sporadic tumours (Gubler and
Jeanpierre, 2003). WT1 mutations are also associated with several syndromes
characterised  with  genital  and  renal  malformations  such  as  WAGR  (WT,  Aniridia,
Genital abnormalities, and mental Retardation), Denys-Drash and Frasier (Gubler and
Jeanpierre, 2003).

Wt1 is a critical regulator of normal renal development also in mouse. Similarly to
Pax2 and  -8, Wt1 is detected already in IM and differentiating mesonephros. It is
expressed in the metanephric mesenchyme even before ureteric bud formation, which
after the expression becomes up-regulated in the induced mesenchyme. Later, Wt1 is
highly expressed also in glomerular podocytes (Pelletier et al., 1991; Armstrong et al.,
1993). The rich expression pattern suggests functions at three stages of renal
development: the determination of the kidney area, the differentiation of nephrons and
the maturation of glomeruli.

Wt1-deficient mice confirmed its necessity for the inception of kidney development;
in mutant mice the cells that normally form kidneys die by apoptosis (Kreidberg et al.,
1993; Davies et al., 2004). Mutant mesenchyme cannot be induced to form nephric
tubules (Kreidberg et al., 1993) suggesting that Wt1 is cell-autonomously required for
nephron differentiation. Wt1 reciprocally controls the ureteric budding and branching,
because no ureteric bud is formed in Wt1-deficient mice, which die between E13 and
E15 due to defects in heart, lung and mesothelium development. Heart defects can be
completely rescued with the expression of a human WT1 YAC construct in mutant mice
but the urogenital development is only partially restored (Moore et al., 1999) indicating
that Wt1 function is necessary also after the initiation of kidney organogenesis. This is
supported by siRNA-based repression of Wt1, which prevents nephron differentiation
and causes abnormal proliferation and these both possibly mimic the aspects of Wilms’
tumour biology (Davies et al., 2004). It has been suggested that Wt1 may regulate
apoptosis in the developing kidney (Kuure et al., 2000), but the increased cell death in
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Wt1-/- kidneys may also reflect its requirement for mesenchymal survival. Due to the
lack of mesenchymal induction, Wt1 thereby indirectly contributes to the control of
normal proliferation and apoptosis.

Several Wt1 target genes have been identified by in vitro overexpression and
reporter assay methods in the cultured cells. Genetic studies have proven that at least
amphiregulin (Wagner et al., 2003), Sprouty (Gross et al., 2003), nestin (Wagner et al.,
2006), nephrin (Wagner et al., 2004), TrkB (Wagner et al., 2005) and POU4f2 (Wagner
et al., 2003) are regulated by Wt1 also in vivo.  These  targets  are  activated  rather  than
suppressed by Wt1 suggesting a dual function for the protein in transcriptional
regulation.

1.3.3 Wolffian duct formation depends on Gata3
The zinc-finger transcription factor Gata3 is expressed in the Wolffian duct

epithelium from the time of its emergence in IM and the expression is maintained also
later in the ureteric epithelium (Labastie et al., 1995). Mutations in human GATA3 gene
cause hypoparathyroidism, sensorineural deafness and renal anomaly (HDR) syndrome
indicating that the protein is essential for development of the parathyroid glands,
auditory  nerves  and  kidneys  (Van  Esch  et  al.,  2000).  Deletion  of  mouse Gata3 has
revealed its’ indispensable function in the development of noradrenalin neurons of the
sympathetic nervous system (Lim et al., 2000), T-cell lineage determination (Ting et al.,
1996) and expansion of T-cell progenitors (Hendriks et al., 1999). The role of Gata3 in
renal development was shown when embryonic lethal phenotype of Gata3-deficient
mice was partially rescued with drug treatment and the surviving mice exhibited
complete lack of kidneys (Lim et al., 2000). The renal aplasia is caused by the defects in
Wolffian duct formation and migration. Ret and Wnt11 expressions  are  lost  in Gata3-
deficient epithelium suggesting that Gata3 may regulate Ret expression in the
developing  Wolffian  duct,  but  also  later  in  the  tips  of  ureteric  buds.  Lack  of Ret and
Wnt11 is unlikely the cause of the phenotype in Gata3-deficient mice, but suggests that
Gata3 might play a role also in the regulation of ureteric branching morphogenesis,
which was recently confirmed (Hasegawa et al., 2007). Microarray and loss of function
studies in mice double-deficient for Pax2/8 indicate regulatory relationship between the
Pax genes  and Gata3 so that Pax2 together with Pax8 may directly regulate Gata3
expression during the Wolffian duct formation (Grote et al., 2006).
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Deletion of mouse odd-skipped related 1 (Odd1), a zinc finger transcription factor
related to Drosophila pair rule gene odd skipped, results in defective Wolffian duct
formation resembling that of the Gata3 mutants (Wang et al., 2005). However, the
mechanism for the similar phenotypes is probably different in Gata3- and Odd1-
deficient mice. Gata3 is cell-autonomously needed for the Wolffian duct development.
On  the  other  hand, Odd1 is expressed in IM cells and thereafter exclusively in the
mesenchymal compartment of developing kidney suggesting that mesenchyme
reciprocally regulates Wolffian duct development. Interestingly, Odd1 expression gets
down-regulated when the mesenchyme differentiates into pretubular aggregates (So and
Danielian, 1999; James et al., 2006). In chick, Odd1 up-regulates Pax2 and Lim1
expression but its continuous expression in mesonephric precursors prevents their
differentiation into nephrons (James et al., 2006). These findings suggest that Odd1 is
transiently needed to initiate nephrogenesis.

1.3.4 Eya and Six interact in early specification of metanephric mesenchyme
Six, Eya and Dach form a complex of highly conserved proteins, which

synergistically participate in the control of organ development by regulating
transcription of target genes. Only the Six proteins have a DNA-binding ability while
Eya and Dach function as co-factors. Interestingly, the Eya proteins exhibit a
phosphatase domain, which upon activation switches repressor function of Six-Dach to
a transcriptional activator (Li et al., 2003). Mutations causing human branchio-oto-renal
(BOR) syndrome characterised by loss of hearing and kidneys were first identified in
the EYA1 gene (Abdelhak et al., 1997) but later also in SIX1 (Ruf et al., 2004). The mice
heterozygous for Six1 allele show full penetrance of deafness and partial penetrance of
severe renal abnormalities (Xu et al., 2003; Zheng et al., 2003).

Dach1 is expressed in the undifferentiated mouse mesenchyme as well as in early
nephron segments (Ayres et al., 2001), but no renal abnormalities have been reported
from either Dach1 or -2-deficient mice (Davis et al., 1999; Davis et al., 2006). Three Six
genes are expressed in the developing mouse kidney; Six1 and -4 are first detected in the
uninduced and then in induced kidney mesenchyme but get later restricted to the subset
of cells in the collecting duct epithelium (Li et al., 2003; Xu et al., 2003; Kobayashi et
al., 2007). Six2 is exclusively expressed in the induced metanephric mesenchyme
(Brodbeck et al., 2004; Self et al., 2006), where it co-localises with Six1 and Eya1 (Xu
et al., 1999). Eya2 is also detected in the metanephric mesenchyme (Kuure et al.,
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unpublished observation), but its function in renal differentiation remains to be
elucidated.

Both Eya1- and Six1-deficient mice lack kidneys due to a failure of the ureteric
budding and branching (Xu et al., 1999; Li et al., 2003; Xu et al., 2003). In Eya1-
deficient mice, Pax2 expression is normal but Gdnf and Six1 are  not  detected  in  the
mesenchyme. The expression of Pax2, Sall1 and Six2 is reduced in Six1-deficient
kidneys, but quite surprisingly Gdnf remains normal. However, Six4 deletion in the
Six1-deficient background (Kobayashi et al., 2007) deteriorates the renal phenotype and
abolishes Gdnf and Pax2 expression from the double-mutant kidneys. Previously it was
also shown that Six1 function is essential for normal mesonephric development
(Kobayashi et al., 2007). Therefore it is possible that Six1 is required for the
metanephric induction and differentiation. Thus, the lack of ureteric bud in Six1-
deficient kidneys could rather be secondary than primary defect originating from the
loss of mesenchymal induction. All in all, it is difficult to make conclusions on the
function of these genes in regulation of ureteric branching morphogenesis based on
above described genetic studies. Maybe some players in the kidney are still missing,
since otherwise it is almost impossible to understand the regulatory relationships of
Eya1 and Six in the protein complex controlling the down-stream gene expression.

Six2 expression depends on Six1 (Xu et al., 2003) but on the contrary to Six1- or
Eay1-deficient phenotypes, Six2 is not necessary for ureteric budding and first round of
branching. Instead, deletion of the gene results in an interesting renal phenotype with
ectopic nephron formation accompanied by depletion of nephron progenitors (Self et al.,
2006). Six2 appears to restrict the nephrogenic fate within the metanephric mesenchyme
as the pretubular aggregates and the expression of genes related to epithelialisation
process (Wnt4 and sFRP2) are abnormally located in Six2-deficient kidneys.
Additionally, lack of Six2 does not affect proliferation of renal cells but rather increases
apoptosis within the metanephric mesenchyme supporting the idea that nephron
progenitors are exhausted in the kidneys lacking Six2. The reason for the perturbed
ureteric branching, which eventually leads to renal hypoplasia in Six2-deficient mice,
may derive from defective inductive interactions between the mesenchyme and ureteric
epithelium. Another prediction is that when the whole cap condensate, which normally
expresses Six2 and is therefore able to initiate Gdnf expression (Brodbeck et al., 2004),
differentiates into pretubular aggregates, the condensate cells that are required for
guiding the ureteric branching are depleted causing the arrest in ureteric branching. Loss
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of Wnt11 at T-bud stage in Six2-deficient kidneys suggests defects in GDNF/Ret
signalling although both transcripts are detected in the mutant kidneys.

1.3.5 Lim1 functions at several stages of renal differentiation
The homeobox gene Lim1 is expressed from IM to developing tubules in the

metanephric kidney. The expression is detected in ureteric epithelium and in induced
mesenchymal aggregates of early kidney as well as later in comma and S-shaped bodies
(Fujii et al., 1994; Karavanov et al., 1998).  Deletion of Lim1 in mouse leads to death at
E10 because of abnormal gastrulation. However, few knockout animals develop further
and are born without head, kidneys and gonads (Shawlot and Behringer, 1995). The
cause of renal aplasia in Lim1-deficient mice originates from disorganisation in IM,
which fails to differentiate into Wolffian duct (Tsang et al., 2000). Tissue-specific
deletions and BAC complementation studies show that Lim1 is indeed required at
several stages of renal differentiation (Tsang et al., 2000; Kobayashi et al., 2005). The
BAC complementation results in a hypomorphic mouse model, which retains only
traces of Lim1 expression and shows retarded development of ureteric buds as well as
complete lack of nephrons or their precursor structures (Kobayashi et al., 2005).
Deletion of the gene from Wolffian duct and its derivatives causes hypoplastic but
functional kidneys with abnormalities in distribution of nephron precursors and in distal
ureteric development. Ureteric budding is delayed and branching disturbed when Lim1
expression is deleted from the epithelium. Interestingly, Wnt11 remains  in  the  tips  of
ureteric bud although Ret expression is not up-regulated in the Lim1-deficient ureteric
epithelium arguing against previous data, which suggested that Ret-signalling is
required for Wnt11 expression (Pepicelli et al., 1997). Lim1 may potentially regulate
Ret expression in the ureteric tips but it is clearly also cell-autonomously required for
normal ureteric budding and branching.

Metanephric mesenchyme –specific deletion of Lim1 causes arrest of nephrogenesis
at pretubular aggregate stage without affecting the expression of Wnt4 (Kobayashi et al.,
2005), which is required for further epithelialisation of nephrons (Stark et al., 1994). In
the absence of Lim1 the expression of genes known to pattern the future nephron, Dll1
and Brn1 (Pou3f3) is lost. This data suggest that Lim1 specifies the nephron segments
possibly by being a permissive (Kobayashi et al., 2005), rather than inductive signal for
mesenchyme-to-epithelium transformation.
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1.3.6 Sall1 defines nephron progenitors within metanephric mesenchyme
Sall genes encode homologues of the Drosophila region-specific homeotic gene

spalt (sal). In humans, heterozygous mutations in SALL1 lead to Townes-Brocks
syndrome, which is an autosomal dominant disorder characterised by multiple birth
defects including renal, ear, anal and limb malformations (Nishinakamura and Osafune,
2006). In mouse, Sall1 is expressed from E10.5 onwards in mesonephric tubules and
distal part of the Wolffian duct, while in the definitive kidney it is detected in the
metanephric mesenchyme. Later it is detected also in the comma-shaped bodies of
developing nephrons (Nishinakamura et al., 2001). Other family members, Sall2-4, are
largely co-expressed with Sall1 in the developing kidney (Nishinakamura et al., 2001;
Ott et al., 2001; Warren et al., 2007).

Deletion of Sall1 in mouse causes failure of ureteric bud elongation and invasion
into the metanephric mesenchyme leading either to complete lack of kidneys, unilateral
renal aplasia or bilateral hypoplasia (Nishinakamura et al., 2001). Sall1-deficient
mesenchyme is capable of nephron formation but the number of Pax2-expressing
mesenchymal cells is diminished suggesting that Sall1 might regulate the size of
mesenchymal progenitor cell population. Indeed, isolated Sall1-positive mesenchymal
cells can reconstitute nephrons in vitro (Osafune et al., 2006). These cells exhibit some
of the progenitor cell characteristics as they can produce colonies after single cell
suspension and can give rise different nephron segments in the presence of Wnt4-
expressing cells.

Sall2 (Sato et al., 2003) and Sall3 (Ott et al., 2001) mutant mice do not exhibit
kidney defects, and Sall1/Sall2 double mutants exhibit similar phenotype as deletion of
Sall1 alone (Nishinakamura et al., 2001). Sall4-deficient mice mimic the defects of
Okihiro  syndrome  patients,  who  are  characterised  by  radial  ray  defects  and  Duane
anomaly  and  have  also  anal,  renal,  cardiac,  ear,  and  foot  malformations,  as  well  as
hearing loss (Sakaki-Yumoto et al., 2006; Warren et al., 2007). Sall4/Sall1 heterozygote
exhibit an increased incidence of kidney agenesis among other defects (Sakaki-Yumoto
et al., 2006) showing that these two factors genetically interact.

1.3.7 Emx2 may regulate the expression of genes encoding ureteric bud derived signals
Emx2, which is a homologous to Drosophila empty spiracles, encodes a homeobox

transcription factor expressed in the ureter of the developing mouse kidney.
Metanephros development in Emx2 knockout mice is arrested soon after the ureter bud
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formation but the expression of Wt1, Gdnf and Ret is not disrupted in the absence of
Emx2. This suggests that Emx2 acts downstream of these genes and is not regulating the
ureteric budding or branching. In the Emx2 mutant kidneys no tubules are formed and
the signal required for the epithelialisation of the mesenchyme, Wnt4, is not up-
regulated. Thus, since ureteric budding happens in the absence of Emx2, it is possible
that Emx2 regulates ureteric derived signals required for further differentiation of
kidneys.

1.3.8 Hox genes control ureteric budding via Six2 and Gdnf
The mammalian homeobox (Hox) complex is divided into four linkage (A-D)

groups containing 13 sets of paralogous genes (33 in total), which are functionally
highly redundant. Several Hox genes are expressed during early development of the
nephrogenic area in mouse and their expression pattern has been described in detail
(Patterson and Potter, 2004). For example, Hoxb7 is detected first in mesonephros and
later in Wolffian duct, ureter and collecting ducts. The promoter of Hoxb7 gene (Kress
et al., 1990; Vogels et al., 1993) has been widely used to express genes in the ureteric
epithelium of developing mouse kidney (Srinivas et al., 1999a; Patterson et al., 2001;
Shakya et al., 2005a). Hoxa11 –c11 and –d11 are also expressed in the IM but unlike
other regulators of kidney development in the area, these genes are detected only at the
level of hind limb buds, specifically at the site where ureteric bud is formed. This has
raised speculations that Hox-genes determine the site where kidneys are formed in the
anterior-posterior axis of the developing embryo but genetic experiments do not fully
support this. Double mutants of Hoxa11/Hoxd11 have renal defects that are not present
in either of the single mutants. Hoxa11/Hoxd11-deficient animals have either no
kidneys or show only one hypoplastic kidney with reduced number of glomeruli, which
are however well developed. Only one wild type allele of either Hoxa11 or Hoxd11 is
sufficient for normal kidney development (Srinivas et al., 1999b; Patterson et al., 2001).
Removal of the last Hox11 paralogous member, Hoxc11, results in the complete loss of
metanephric kidney induction. However, morphologically visible metanephric
mesenchyme expressing Pax2 and Wt1 is  formed  in  the  triple  mutants  (Wellik  et  al.,
2002) suggesting that at least Hox11 paralogue is not required for the positional
guidance of kidney formation although a possibility for redundancy between
nonparalogous genes remains (Patterson and Potter, 2003). Arrest of renal development
to the early state by the loss of Hoxa11/Hoxd11/Hoc11 was  shown  to  be  due  to  the
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changes in the regulation of ureteric budding and branching. Gdnf expression, which is
reduced already in Hoxa11/Hoxd11 mutant kidneys, is either absent or greatly reduced
in triple mutants, and also Six2 expression  appears  to  depend  on  the  number  of
functional Hox alleles (Patterson et al., 2001). As Six2 operates up-stream of GDNF and
is able to bind Gdnf promoter to activate its expression (Brodbeck et al., 2004), it is
likely that the reduced Gdnf levels in Hox11 triple  mutants  are  due  to  effects  on Six2
rather than directly on Gdnf.

1.3.9 Foxc1/Foxc2 suppress Gdnf expression
The Fox genes encode forkhead/winged helix transcription factors that share very

high homology in the DNA binding domain. At least Foxc1 (previously Mf1)  and  –2
(Mfh1) as well as Foxd1 (Bf2)  and  –2 (Mf2) are expressed in the developing mouse
kidney. Of these, Foxc1/2 and Foxd2 are detected in the IM and condensing
metanephric mesenchyme with almost overlapping patterns (Kume et al., 2000a), while
Foxd1 localizes into the renal stroma (Hatini et al., 1996). Foxd2 ablation in mouse
causes renal hypoplasia and hydroureters at low frequency (Kume et al., 2000b).
Relatively mild phenotype most probably reflects redundancy with Foxc1 and -2 (Kume
et al., 2000b). Deletion of Foxc1 in mouse results in extra mesonephric tubule formation
and  duplex  kidney,  or  double  ureter  formation  (Kume  et  al.,  2000a).  These  are  likely
due to abnormal Gdnf expression, which is anteriorly extended in the mutant embryos
and induces spontaneous extra ureteric bud formation along the Wolffian duct. It is
tempting to speculate that Foxc1 provides positional information for the site where
kidney will develop by regulating Gdnf expression via Eya1, which is also extended in
Foxc1-mutant kidneys. More evidence is still required to prove this since it is equally
possible that normally metanephric mesenchyme migrates caudally to its definitive
position and in the mutant mice the migration is delayed or does not occur. To prove the
latter alternative would require fate mapping of IM cells, which has not been carried out
yet.

1.4 GDNF-activated Ret signalling
GDNF signals through Ret tyrosine kinase (TK) by first binding to membrane

anchored glycosylphosphatidyl inositol (GPI) –co-receptor called GDNF-family

receptor-  (GFR ), which then brings two molecules of Ret together (Fig. 3). After

formation of such a functional receptor complex, tyrosine residues in the TK domains of
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Figure 3. Formation of functional
GDNF-Ret receptor complex. GDNF
brings two molecules of GFR 1
together, which triggers homo-
dimerization of Ret (Sariola & Saarma,
2003).

the receptors are transphosphorylated, and this triggers the activation of context
dependent intracellular pathways (reviewed in Sariola and Saarma, 2003; Arighi et al.,
2005). The cellular responses to Ret activation include proliferation, cell survival,
migration and cell fate determination.

The high-affinity binding of GDNF to Ret is mediated by GFR 1 (Jing et al., 1996;
Treanor et al., 1996) suggesting that Ret is unable to bind GDNF on its own (Jing et al.,

1996). Gdnf mutants deficient in GFR 1 binding can however activate Ret indicating

that  at  least  some  Ret  molecules  can  weakly  associate  with  GFR 1  before  GDNF
binding (Treanor et al., 1996). Additionally, GFR 1 expression in several tissues does
not co-localize (Suvanto et al., 1997; Trupp et al., 1997; Ylikoski et al., 1998; Kokaia et
al., 1999) with Ret suggesting that GDNF can also signal Ret-independently. This

pathway triggers Src-family kinase activation through GFR 1 and phosphorylation of

MAP kinase, PLC- , CREB as well as induction of Fos in Ret-deficient cell lines and
primary neurons (Poteryaev et al., 1999; Trupp et al., 1999).

GDNF is a neurotrophic factor, which belongs to GDNF family ligands (GFLs).
The other members are artemin (ARTN), neurturin (NRTN) and persephin (PSPN).
GFLs associate to the transforming growth factor-  (TGF- ) superfamily and typically
for many secreted factors, are initially produced as precursors, preproGFLs. Upon
secretion, the signal sequence is cleaved and the activation of the pro-form probably
occurs by proteolytic cleavage (Arighi et al., 2005). GFLs function as homodimers and
seem to bind side chains of extracellular-matrix (ECM) heparin sulfate proteoglycans
(HSPG) (Hamilton et al., 2001). Without heparan sulphate, GDNF-induced receptor
phosphorylation, axonal growth and scattering of epithelial cells do not occur, or occur
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only  at  very  high  concentrations  of  GDNF  (Barnett  et  al.,  2002),  suggesting  that
HSPGs, such as syndecans and glypicans, locally modulate GDNF signalling.

GDNF was originally purified as a growth factor maintaining embryonic midbrain
dopaminergic neurons, which are non-functional in Parkinson's disease (Lin et al., 1993;
Tomac et al., 1995). In addition, GDNF maintains and induces differentiation of certain
peripheral neurons, including subpopulations of sympathetic, parasympathetic, sensory
and enteric neurons. GDNF has important functions also outside the nervous system
(Airaksinen et al., 1999; Sariola and Saarma, 2003) since it acts as a morphogen in
regulating the differentiation of spermatogonia, and as discussed more in details later,
promotes ureteric budding as well as branching during kidney development (de Graaff
et al., 2001; Jain et al., 2006).

Ret is a classical oncogene, which encodes a transmembrane receptor of the TK
family of proteins. Three isoforms of Ret proteins are generated by alternative 3
splicing (Tahira et al., 1990; Myers et al., 1995). The long, intermediate, and short Ret
isoforms, which differ by 51, 43, and 9 amino acids in the C-terminus, and are referred
to as Ret51, Ret43, and Ret9, respectively. The two major isoforms, Ret51 and Ret9, are
highly conserved (Carter et al., 2001) but recent evidence indicates that distinct
isoforms potentially exert different physiological functions (reviewed in Arighi et al.,
2005).

Ret protein (Fig. 3) is composed of three domains; four cadherin-like repeats form
an extracellular ligand-binding domain, which is followed by a cysteine-rich region and
hydrophobic transmembrane domain. The cytoplasmic part is split into two TK domains
by an insertion of 27 amino acids between the kinase active domains. Mutations in these
domains of Ret, or others that activate signalling, can cause thyroid cancer or multiple
endocrine neoplasia type 2 (MEN2A or MEN2B) disorders. Loss-of-function mutations
on the other hand cause colonic aganglionosis and Hirschprung’s disease (reviewed in
Arighi et al., 2005). Like several other proto-oncogenes, Ret is active already during the
development being expressed primarily on neural crest-derived cells and in developing
renal system (Pachnis et al., 1993; Avantaggiato et al., 1994). Accordingly, Ret function
is  required  for  differentiation  of  kidneys  and  peripheral  nervous  system  but  it  also
regulates spermatogenesis (Durbec et al., 1996b; Schuchardt et al., 1996; Meng et al.,
2000; Jain et al., 2004).
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1.4.1 Role of GDNF signalling in kidney morphogenesis
The role of GDNF-activated Ret signalling in the development of kidneys is

indispensable. Ret remained for long time an orphan receptor. Due to the expression
patterns of Gdnf and Ret in the adjacent tissues of several organs (Hellmich et al., 1996;
Suvanto et al., 1996), GDNF was a ligand candidate for the Ret well before the actual
evidence was shown. In the kidney, Gdnf is expressed in the mesenchyme prior to the
invasion of ureter bud, while Ret transcripts are first found throughout the Wolffian duct
and later only in the tips of ureteric bud epithelium (Pachnis et al., 1993). Quite soon
both biochemical and experimental data confirmed that GDNF binds to Ret and
activates its phosphorylation and subsequent down-stream signalling (Durbec et al.,
1996a; Trupp et al., 1996; Worby et al., 1996).

Disruption of the GDNF-activated Ret signalling perturbs kidney development
already at the early state (Schuchardt et al., 1994; Moore et al., 1996; Pichel et al., 1996;
Sanchez et al., 1996; Cacalano et al., 1998; Enomoto et al., 1998). Gdnf-, Ret- and

GFR 1-deficient animals show abnormalities in the ureteric bud formation, which most

frequently fails to grow out from the Wolffian duct. Also isoform specific deletions of
Ret have been generated, but the results from these experiments are contradictory. The
mice lacking Ret9 isoform exhibit the same phenotype as the Ret-null animals, and its
expression under Hoxb7-promoter rescues the malformations in Ret-deficient mice (de
Graaff et al., 2001). On the other hand, exclusive expression of either of the human
isoforms, Ret9 or Ret51, is enough to support the normal development (Jain et al.,
2006). The opposite phenotypes may arise from differences in the genetic backgrounds
of the mice, or from the different properties of the human Ret51 and chimeric murine
Ret51. However, the in vivo experiments together with the results obtained from in vitro
studies, where the GDNF-releasing beads induce ureter budding from Wolffian duct
(Pepicelli et al., 1997; Sainio et al., 1997), confirm that GDNF-activated Ret signalling
is needed for the ureteric bud formation and branching. In approximately 30-50% of
Ret-deficient animals a ureteric bud is formed and rudimentary kidney can be observed
at birth (Schuchardt et al., 1994; Sanchez et al., 1996; Schuchardt et al., 1996). The
same occurs also in Gdnf knockout mice but at somewhat lower frequency (unpublished
data). The fact that sometimes ureteric budding and branching take place in mice
lacking Gdnf/Ret/GFRa1 suggests that partially redundant signals can induce ureteric
bud outgrowth. These signals are unknown, but candidates could include fibroblast
growth factor (FGF)-, Notch- and Ephrin-signalling pathways. Also Met signalling may
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Figure 4. Regulation of GDNF expression. Negative regulators
are on top of GDNF molecule while genes, which can activate
GDNF are presented below.

participate in the control of ureteric budding since GDNF partially restores branching
morphogenesis in Ret-deficient kidney explants and this restoration occurs potentially
through the Met pathway (Popsueva et al., 2003).

Additional insight into the function of GDNF/Ret signalling in the kidney was
obtained from genetic studies in which ES cells homozygous for a Ret null mutation and
simultaneously positive for the Hoxb7/GFP transgene, were injected into wild-type
blastocysts to generate chimeric embryos (Shakya et al., 2005b). In the resulting
genetically mosaic kidneys,  the GFP marker was used to follow the ability of the Ret-
deficient cells to participate in Wolffian duct and ureteric bud morphogenesis. Ret-
deficient cells contributed extensively to the Wolffian duct and to the trunk of the
ureteric bud, but they were specifically excluded from the tips of the ureteric bud. This
indicates that Ret is needed in the ureteric bud cells to contribute to the tip domain, and
suggests a critical function for Ret signalling in establishing the ureteric bud tip identity.
Taken together, this study and the conventional knockout data (see previous chapter,
reviewed in Costantini and Shakya, 2006) indicates that tip identity generated by active
Ret signalling, which up-regulates Wnt11 (Kispert et al., 1996; Majumdar et al., 2003
and see chapter 1.5.1), is essential for normal ureteric branching morphogenesis.

In vitro experiments with GDNF releasing beads (Pepicelli et al., 1997) demonstrate
that ureteric bud cells respond to GDNF by increasing proliferation (Sainio et al., 1997;
Michael and Davies, 2004) but suggest also that GDNF might act as a chemo attractant
during ureteric budding, similarly to its role in migrating enteric neural crest cells
(Young et al., 2001; Natarajan et al., 2002). This is not, however, supported by the
studies where Gdnf is ectopically expressed in the Wolffian duct and ureteric epithelium
(Shakya et al., 2005a). In such transgenic mice, like in those expressing constitutively
active Ret under the same promoter (Srinivas et al., 1999b), normal ureteric budding
still occurs. More importantly, also spontaneous extra budding is observed showing that
local expression of Gdnf/Ret is not required for ureteric bud formation. These
experiments suggest either existence of unidentified Ret signalling inhibitors, or that
other,  potentially  suppressive  signals  determine  the  site  and  orientation  of  the  ureteric
bud. Such regulators related to negative control of Gdnf/Ret expression are at least
Foxc1, Slit2/Robo2 signalling and Sprouty1 (Fig. 4).
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In the absence of these regulators, spontaneous extra ureteric budding occurs due to
either expanded Gdnf expression domain or interference with intracellular Ret signalling
as in Sprouty1-deficient mice (Chi et al., 2004). Bmp4 and Gremlin act down-stream, or
in parallel with Ret signalling to negatively fine tune the ureteric budding site. Bmp4
heterozygote embryos exhibit duplicated ureter (Miyazaki et al., 2000) and in organ
culture, Bmp4 inhibits GDNF-induced ureteric bud formation (Brophy et al., 2001). In
Gremlin1-deficient embryos, ureteric bud outgrowth is completely blocked, and it was
therefore postulated that Gremlin normally blocks the inhibitory effect of Bmp4 on
ureteric budding (Michos et al., 2004).

As discussed in Chapter 1.2, several transcription factors positively regulate the
expression  of  GDNF/Ret  pathway  molecules  (Fig.  4).  Pax2  and  Six2  can  activate  the
expression of Gdnf (Brophy et al., 2001; Brodbeck et al., 2004), while the former also
regulates Ret (Clarke et al., 2006). Eya1 (Li et al., 2003) and Hox11 paralogues
(Patterson and Potter, 2003), potentially via Six2, are required for Gdnf expression. Sall
genes may also contribute to the control of Gdnf expression (Nishinakamura et al.,
2001).

Very little is known about the targets of GDNF-activated Ret signalling in the
developing kidney. Intracellularly, Ret activation in the ureteric epithelium cells can be
mediated at least via PI3K-Akt, Ras-Erk MAP kinase pathways (Fisher et al., 2001;
Tang et al., 2002; Watanabe and Costantini, 2004) and phospholipase C (PLC) gamma
pathway  (Jain  et  al.,  2006).  Currently  we  are  only  about  to  start  to  reveal  the  target
genes, which are activated upon GDNF/Ret signalling.

1.5 Notch signalling
The notching wing phenotype associated with the haploinsufficiency of the Notch

locus  was  one  of  the  first  genetic  variations  observed  in Drosophila melanogaster
(reviewed in Wright, 1970). Later it led to the cloning and characterization of Notch
gene (Artavanis-Tsakonas et al., 1983) and over the years, Notch signalling has been
shown to function in an enormous diversity of developmental processes and its
dysfunction is implicated in many cancers. Notch signalling has been linked to the cell
fate decision, especially in the nervous system, but it also guides patterning and
formation of other organs including thymus, haematopoietic system, heart, pancreas,
tooth and kidney in both invertebrates and vertebrates.
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The Notch receptor and its ligands, Delta and Serrate (known as Jagged in
mammals) are both single-pass transmembrane proteins with large extracellular
domains that consist primarily of epidermal growth factor (EGF)-like repeats. There are
four Notch receptors (Notch1-4), four Delta (Dll1-4) and two Jagged (Jag1-2) ligands in
mammals (Table 1). Ligand binding to Notch receptor activates two types of proteolytic
cleavages. The first cleavage is catalyzed by ADAM-family metalloproteases and

prepares the receptor for the second cleavage, which is mediated by presenilin- -

secretase complex. This second cleavage releases the Notch intracellular domain
(NICD), which then translocates into the nucleus. The translocation events are poorly

Component type Drosophila melanogaster Vertebrates
Receptor Notch Notch1-4

Ligand Delta, Serrate Delta1-4, Serrate, Jagged1-2

CSL DNA-binding protein SuH CBF1/RBP j

Co-activator Mastermind Mastermind1-3

Co-repressor Hairless

-secretase complex Presenilin, nicastrin,
APH1, PEN2

Presenilin1-2, nicastrin,
AHP1, PEN2

Glycosyl transferase Fringe Lunatic fringe, radical fringe,
Manic fringe

Metalloprotease, receptor
Cleavage

Kuzbian, kuzbian-like ADAM10, TACE/ADAM17

Cytoplasmic inhibitor Numb Numb, Numb-like

Positive regulator Sanpodo

bHLH repressor, target
genes

E(spl)bHLH HES/ESR/HEY

understood and there are no known cellular parameters that could influence them (Louvi
and Artavanis-Tsakonas, 2006). In the nucleus, the NICD fragment interacts with
members of the CSL (CBF1, Suppressor of Hairless, Lag-1) family of transcription
factors. This interaction converts the CSL proteins from transcriptional repressors into
transcriptional activators and thereby stimulates the expression of bHLH repressors,
namely Hairy and Enhancer of the Split (Hey and Hes genes in mammals) (Fig. 5).

Table 1. Notch signalling components.
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Figure 5. Notch signalling. Binding of  Ser/Dl ligand to Notch receptor results in cleavage of the
receptor, which translocates to the nucleus and activates the expression of bHLH type of repressors
(Artavanis-Tsakonas et al, 1995).

Notch receptors, and thereby the signalling, are extracellularly modulated by Numb,
Numb-like and Fringe (Lunatic, Radical and Manic) proteins (Table 1). CSL-
independent signalling has been identified in Drosophila (Rusconi and Corbin, 1998;
Zecchini et al., 1999) and potentially also in mammals (Lindsell et al., 1995; Shawber et
al., 1996; Eiraku et al., 2005) but the possible other mediator(s) of this pathway are not
known.  Therefore,  it  is  unclear  whether  the  CSL-independent  activity  of  Notch  is
mediated by a ligand binding or is an intrinsic property of Notch, or whether it also
requires cleavage of the Notch protein (Martinez Arias et al., 2002).

The most familiar outcome of Notch signalling is fate determination of cells
within an equivalence domain, in which all cells are originally able to adopt at least two
different fates. In such a case, Notch functions via ‘lateral inhibition’, which is a process
to limit the number of cells adopting a certain fate. Prominent examples of lateral
inhibition include formation of neuroblasts in fruit flies (reviewed in Skeath and Thor,
2003) and development of sensory hair cells in the inner ear of vertebrates (reviewed in
Riley and Phillips, 2003); both processes involve high levels of Delta expression. Here,
the Delta-expressing cell adopts the primary fate, and by activating Notch signalling in
the next cell, inhibits the surrounding cells from taking the same fate. In contrast to the
mosaic pattern of cell fates established by lateral inhibition, Notch signalling can also
generate cell domains with the same fate by inducing differentiation towards certain
lineage, or by inhibiting from acquiring another. This ‘lateral induction’ process
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(reviewed in Lewis, 1998) defines proneural domains in the ear and the eye, and is
involved in the sharpening of somite boundaries as well as in the formation of the limb
bud margin (reviewed in Irvine and Vogt, 1997).

1.5.1 Notch signalling in the nephron formation
Several expression studies show that Notch signalling molecules are expressed

throughout the nephrogenesis (Leimeister et al., 2003; Piscione et al., 2004; Sharma et
al., 2004; Chen and Al-Awqati, 2005). The expression of Notch pathway molecules in
kidney, like in other organs, appears to be very dynamic, which may explain some
discrepancies observed between the reported patterns. All four receptors (Notch1–4), the
four transmembrane ligands (Delta1,  -4, Jag1 and -2) as well as intracellular effectors
(the Hey1, -L and -2 and Hes1 and -5 genes) and extracellular modulators (Lfng, Mfng,
Rfng) are detected in partially overlapping pattern in the epithelialising nephron
structures. In addition, Notch3,  -4 and Delta4 are expressed also in the developing
vasculature of the kidney. Due to the obvious overlapping patterns, it is difficult to
discern ligand-receptor specificity based on their expression. Expression patterns
however suggest redundancy at least between the ligands. Although several transgenic
mouse models (Ohtsuka et al., 2006; Ong et al., 2006; Souilhol et al., 2006; Vooijs et
al., 2007) have been generated to visualize the Notch activation in situ, they do not help
in elucidating the activity in the developing kidney. Only Hes1- and Hes5-promoters
driving the expression of GFP (Ohtsuka et al., 2006) show activity in early nephron
structures, but the detailed analysis is missing. Additionally, it is reasonable to believe
that the reporter mice do not fully recapitulate all signalling activity due to the complex
nature of the pathway. For example Notch1 function does not correlate with the
probability  of  its  activation:  the  expression  pattern  of  Notch1  specific  NICD  is  much
wider (Vooijs et al., 2007) than the spectrum of affected organs in Notch1-deficient
animals (Kiernan et al., 2001). This is in line with the findings in kidney, where NICD
is detected in the developing nephrons (Cheng et al., 2003; Wang et al., 2003), but
tissue-specific deletion of Notch1 does not affect renal differentiation (Cheng et al.,
2007).

It  has  been  shown  that  development  is  sensitive  to  the  dosage  of  Notch  activity
(McCright et al., 2001; Duarte et al., 2004; Krebs et al., 2004). Hypomorphic Notch2
mice survive beyond the initiation of organogenesis (McCright et al., 2001) unlike the
null allele animals (Hamada et al., 1999), and demonstrate the importance of Notch
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signalling in kidney development. The hypomorphic allele results in reduced Notch2
signalling, which causes renal hypoplasia and disrupts nephron patterning as well as
glomerular development. Mesenchymal condensation and pretubular aggregation are
normal in these mutant animals but the number of differentiating glomeruli is
substantially reduced (McCright et al., 2001) suggesting that functional signalling is
required also for the normal progress of ureteric branching. Inhibition of the proteolytic
cleavage of Notch disturbs the earlier steps of glomerulogenesis since no comma- or S-
shape bodies develop in mice double mutant for presenilin1 and -2 (Wang et al., 2003).
Similar although milder effect is observed when presenilins are chemically inhibited in
kidney  cultures,  in  which  fewer  renal  epithelial  structures  are  observed,  with  a  severe
deficiency in the development of proximal tubules and glomerular podocytes (Cheng et
al., 2003). Although the above described experiments suggest involvement of Notch
signalling in the guidance of ureteric branching morphogenesis, the specific function
there has not been determined. Recently, conditional Pax3Cre-driven deletion of Notch2
from the metanephric mesenchyme (Cheng et al., 2007) confirmed the previous findings
(McCright et al., 2001) showing that signalling through Notch2 is required for the
differentiation of proximal nephron structures. It would be interesting to know whether
the epithelial specific deletion, for example with Hoxb7Cre, results in phenotype, which
would reveal a role for Notch signalling in ureteric bud outgrowth or branching.

The phenotype of the compound heterozygote for Jag1 and Notch2 indicate that
Jagged1 is the ligand for Notch2 during kidney development. No renal phenotypes have
been reported from other Notch ligands expressed in the kidney; either due to the
embryonic lethality prior to the onset of organogenesis (Hrabe de Angelis et al., 1997)
or due to obviously normal renal differentiation (Jiang et al., 1998; Gale et al., 2004;
Hellstrom et al., 2007). In human, mutations in JAG1 gene cause an autosomal
dominant Alagille syndrome with developmental abnormalities in several organs
including the kidney (Li et al., 1997). An extensive survey of mutations of JAG1 in
Alagille patients suggests that haploinsufficiency for the JAG1 gene is the primary cause
of the syndrome (Spinner et al., 2001). Heterozygous Jag1-deficient mice exhibit only
the eye defects characteristic of Alagille patients, whereas Jag1/Notch2 compound
heterozygotes show all phenotypes of the syndrome including defects in nephron
differentiation and maturation (McCright et al., 2001; McCright et al., 2002).
Homozygous Jag1-deficient mice die prior to the initiation of kidney development due
to vascular defects (Xue et al., 1999). In addition, two different Jag1 mutations have
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been created by ENU mutagenesis. Headturner mice contain a missense mutation in the
Jag1 (Tsai et al., 2001) and the homozygote embryos exhibit similar phenotypes as
Jag1-null animals including growth retardation, vasculature defects and the neural tube
defects similar to Notch1 mutant mice (Kiernan et al., 2001). Slalom homozygote mice
survive one day later (up to E12.5) and demonstrate similar although slightly milder
phenotype (Tsai et al., 2001) as the two other mouse models. In conclusion, none of
these genetically modified mice help in elucidating the function of Jag1 in kidney
morphogenesis and therefore there is a great need for conditional deletion (Brooker et
al., 2006; Kiernan et al., 2006; Weller et al., 2006) of the gene in the kidney.

1.6 Wnt signalling
The mouse mammary proto-oncogene Int-1 was identified as a homologue

(Rijsewijk et al., 1987) of Drosophila segment polarity gene Wingless (Nusslein-
Volhard and Wieschaus, 1980), which was named after the phenotype caused by its
mutations in flies (Sharma and Chopra, 1976). Members of this large family of related
glycoproteins have been renamed Wnts, an amalgam of int and wingless (reviewed in
Siegfried and Perrimon, 1994). The Wnt signalling plays multiple roles during normal
development and aetiology of diseases (reviewed in Wodarz and Nusse, 1998; Schmidt
and Patel, 2005; Brade et al., 2006; Clevers, 2006; de Iongh et al., 2006). Wnts are
thought to act as a morphogens, so that they are long-range signals whose activity is
concentration dependent (Logan and Nusse, 2004), but it is unclear how these gradients
are generated and affect the target cells. One possibility is that extracellular HSPGs
function in the transport or stabilisation of Wnt proteins. For instance, flies carrying
mutations in Dally, which encodes a GPI-anchored HSPG, or in genes encoding
enzymes that modify HSPGs, resemble wingless mutants (Lin, 2004). It has also been
suggested that Wnt proteins act as a short-range signalling substance, which function in
a contact-dependent manner. This mode of action has been shown at least for Wnt7b in
the regression of hyaloids vasculature of the eye (Lobov et al., 2005).

In vertebrates, the Wnt ligand family consists of at least 17 members, which bind
seven-pass transmembrane Frizzled (Fz) receptors. At least four distinct intracellular
pathways can be activated by Wnt binding to its receptors, but ligands themselves do
not distinguish the pathway that will be activated. For example the best characterised

pathway, the canonical ( -catenin-dependent) pathway is activated by a complex

formation between a lipoprotein receptor-related (LRP) co-receptor, Fz and Wnt. This
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Figure 6. Activation of
canonical Wnt pathway.
(A) In the absence of Wnt
activity, -catenin is
targeted to degradation by
GSK3 phosphorylation. (B)
Wnt binding to Fz-receptor
brings it together with
LRPs, which inactivates
GSK by phosphorylation.
This allows cytosolic -
catenin stabilization
resulting in its translocation
to nucleus where it
interacts with TCF
transcription factors.

activates by an unknown mechanism dishevelled (Dsh), which inhibits glycogen

synthase kinase-3  (GSK3 ). Consequently -catenin gets stabilised in the cytosol and is

subsequently translocated into the nucleus where it interacts with Lef/Tcf transcription
factors and regulates their expression among other target genes (Fig. 6) (Clevers, 2006).

Inhibition of GSK3  is a key event in the activation of canonical pathway.
According its name, GSK3 was originally identified as enzyme of glycogen metabolism
but later its function in canonical Wnt pathway was established. It appears that the

GSK3 , which is involved in the control of -catenin is “insulated” from other

signalling pathways (Patel et al., 2004). Partially this may be a consequence of its
subcellular localisation and complex formation with adenomatous polyposis coli (APC)

and axin. In addition to -catenin, axin and APC are also GSK3 substrates.

Phosphorylation of axin by GSK3 increases its stabilisation and affinity to -catenin

(Jho et al., 1999; Yamamoto et al., 1999; Willert et al., 1999) and therefore it has been

suggested that stabilisation of axin rather than -catenin itself is actually the rate

limiting step leading to the activation of canonical pathway (Tolwinski and Wieschaus,
2004).

The signalling events of the non-canonical Wnt pathways are relatively poorly
understood. The three non-canonical pathways involve activation of
calcium/calmodulin-dependent kinase II (CamKII) and protein kinase C (PKC) in a
Wnt/calcium  pathway,  and  direct  activation  of  phospholipase  C  (PLC)  and
phosphodiesterase (PDE) by Frizzled-receptors through heterotrimeric GTP-binding
proteins. Lastly, the planar cell polarity (PCP) pathway activates the Jun-N-terminal
kinase (JNK) and, perhaps, small GTP-binding proteins. Interestingly, calcium has been
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implicated as an important second messenger in all of these pathways. This, together
with  the  fact  that  for  example  PKC,  PLC  and  JNK  also  participate  in  the  signal
transduction downstream of other signalling pathways, makes dissecting the
mechanisms of non-canonical pathway very difficult. However, non-canonical Wnt
pathways control several aspects of the vertebrate development including gastrulation
movements, cochlear hair cell and heart induction, and neuronal migration (reviewed in
Veeman et al., 2003).

The Wnt-Fz interaction appears loose, so that a single Wnt can bind multiple Fz
proteins and vice versa. In canonical pathway, binding of Wnt ligand requires Fzs to
cooperate with a single-pass transmembrane molecule of the LRP family known as
Arrow in Drosophila (Wehrli et al., 2000) and LRP5 and -6 in vertebrates (Pinson et al.,
2000; Tamai et al., 2000). Although it has not been formally demonstrated that Wnt
molecules form trimeric complexes with LRP5/6 and Fz, surface expression of both
receptors is required to activate the canonical pathway. Wnt proteins can bind also to an
unusual receptor called Derailed, which belongs to a RYK subfamily type of
transmembrane tyrosine kinase receptors. This alone is able to activate the canonical
pathway alone in Drosophila (Yoshikawa et al., 2003) and together with Fzs in
mammals (Lu et al., 2004). Additionally, at least two non-Wnt-related proteins, Norrin
(Xu et al., 2004) and R-spondins (Nam et al., 2006), can activate the Fz/LRP receptors.

Wnt  signalling  can  be  inhibited  by  different  ways  but  the  mechanisms  are  still
poorly understood. The secreted Dickkopf (Dkk) proteins directly bind to LRP5/6
(Glinka et al., 1998) and by this way crosslink LRP6 to another class of transmembrane
molecules, the Kremens (Mao et al., 2002), thus promoting the internalisation and
thereby inactivation of LRP6. Another type of secreted Wnt inhibitor Wise and its
family member SOST, also act by binding to LRP (Itasaki et al., 2003; Li et al., 2005;
Semenov et al., 2005). Yet other inhibitors of Wnt signalling include soluble Frizzled-
Related Proteins (sFRPs), which resemble the ligand-binding domain of the Fz family
of Wnt receptors (Hoang et al., 1996), and WIF proteins, which are secreted molecules
with similar extracellular portion than Derailed/RYK class of transmembrane Wnt
receptors (Hsieh et al., 1999). Depending on context, sFRPs and Wise may also promote
signalling by stabilizing the Wnts or by facilitating the secretion or transport of the
proteins. It should be taken into the consideration that for example Wise is also known
as a Bmp inhibitor called ectodin (Kusu et al., 2003; Laurikkala et al., 2003; Kassai et
al., 2005) and thus this extracellular modulator is not apparently receptor specific.
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1.6.1 Wnt signalling in nephron induction
Several Wnt ligands are expressed in the developing kidney, but the receptors

mediating these signals are not known. Wnt4 is so far the only family member, which is
detected in the mesenchymal compartment of the developing kidney being expressed in
the condensing mesenchyme and pretubular aggregates (Stark et al., 1994). In the
absence of Wnt4 metanephric mesenchyme fails to form pretubular aggregates and
nephron differentiation does not occur (Stark et al., 1994; Saulnier et al., 2002) or is
greatly reduced (Kobayashi et al., 2005). Wnt4 has  been  suggested  to  act  as  an
autoinducer of the mesenchyme-to-epithelial transition during nephron differentiation.
Accordingly, Wnt4- but also non-mesenchymal Wnt1-, Wnt3a-, Wnt7a-, Wnt7b-
(Kispert et al., 1998) and Wnt6- (Itaranta et al., 2002) expressing cells trigger
tubulogenesis in isolated metanephric mesenchymes confirming the inductive potential
of Wnts. Currently it is not fully understood what signals prior to Wnts are required in
the metanephric mesenchyme for nephrogenic competence.

In mouse, Wnt11, Wnt9b, Wnt7b and Wnt6 genes are expressed in the ureteric bud
epithelium in an almost overlapping pattern (Kispert et al., 1996; Itaranta et al., 2002;
Carroll et al., 2005), and Wnt9b appears to be an early inductive signal required for
triggering the nephron differentiation. Deletion of Wnt9b arrests renal development at
the T-bud stage and no mesonephric or metanephric tubules are formed (Carrol et al.,
2005). The Wolffian duct development appears normally in Wnt9b-deficient mice.
Arrest of ureteric branching is accompanied by reduced Gdnf expression but no changes
in  epithelial  expression  of Pax8 or Lim1 are detected. Metanephric mesenchyme
differentiation does not proceed beyond the mesenchymal condensation step in Wnt9b-
deficient mice since the mesenchyme fails to express Wnt4, Pax8 and Lim1. This shows
that Wnt9b acts up-stream of Wnt4, which is itself competent to activate the entire
tubulogenic program without Wnt9b. Endogenous Wnt4 is, however, not able to rescue
tubulogenesis in Lim1-deficient kidneys (Kobayashi et al., 2005). Normal Lim1
expression is essential for Wnt9b expression (Pedersen et al., 2005) as shown by
deletion of Lim1 with Pax2-Cre, which results in reduced and patchy expression of
Wnt9b. Even though Wnt signals are crucial for the induction of nephrons it appears that
Lim1 acts prior to their function and therefore it would be interesting to know, if Lim1-
deficient mesenchyme is capable of undergoing nephrogenesis when induced for
example by Wnt-expressing spinal cord.
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Transgenic experiments where Wnt9b is substituted with classical canonical ligand,
Wnt1, suggest that Wnt9b can activate canonical pathway (Carroll et al., 2005), but
whether it does so during nephron induction depends on the receptors that it binds to,
and these are currently unknown. In renal cell line (MDCK) also Wnt4 has been shown

to signal through canonical pathway (Lyons et al., 2004). Additionally, -catenin

signalling is activated in tubular epithelial and interstitial cells after experimentally
induced renal injury (Surendran et al., 2005) but its overactivation in the epithelial cells
of kidney causes cyst formation (Saadi- Kheddouchi et al., 2001). All these experiments
suggest that canonical pathway may participate in renal differentiation. However, Wnt4-
induced colony forming capacity appears to depend on PCP, which regulates renal
progenitor cell population size in isolated mesenchymes (Osafune et al., 2006). Based
on the current data, the conclusive evidence indicating role for any of the intracellular
Wnt pathways is still missing.

1.6.2 Wnt signalling in branching morphogenesis

-catenin-activated transgene-galactosidase (BAT-gal) reporter mouse line is widely

used tool to visualise the sites of active canonical pathway in situ (Maretto et al., 2003).
In the kidney it has revealed canonical activity exclusively in the Wolffian duct and
ureteric bud epithelium. Similar pattern was seen with GFP-reporter mice (Moriyama et
al., 2007) but was undetectable in yet another reporter line (DasGupta and Fuchs, 1999).
The lack of renal phenotype in Wnt6 (personal communication with S. Vainio), Wnt7a
and –b deficient mice (Parr and McMahon, 1995; Yang and Niswander, 1995; Lobov et
al., 2005) imply redundancy between these genes but that remains to be shown. The
only genetic evidence for participation of Wnt signalling in the control of ureteric bud
morphogenesis comes from Wnt11-deficient mice where ureteric branching is slightly
reduced and consequently kidneys are hypoplastic in newborn mice (Majumdar et al.,
2003). It has been suggested that Wnt11 functions by maintaining normal expression
levels of Gdnf (Majumdar et al., 2003), which in turn triggers Ret-signalling to up-
regulate Wnt11 (Kispert et al., 1996; Majumdar et al., 2003) indicating interaction for
these pathways in the control of branching morphogenesis. Also Pax2/Pax8 appears to
control Wnt11 expression, which is significantly reduced in the compound heterozygote
kidneys, while Ret/Gdnf expression remains normal (Narlis et al., 2007). This suggests
that Pax2/Pax8 controls Wnt11 expression  either  parallel  or  downstream  of  Ret
signalling.
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2. AIMS OF THE STUDY
Kidney development has been a subject of intensive research for decades but only

recently we have started to understand how different signalling cascades regulate
activation or repression of transcription factors, and how various pathways cross-talk
with each other in the guidance of renal differentiation. The experiments in the present
study have elucidated the function and regulatory relationships of two developmentally
important signalling pathways, Notch and Wnt, in regards to GDNF-activated Ret
signalling. My specific aims were to:

1. examine  the  possible  role  of  Notch  signalling  in  early  kidney  development  by
overexpressing Jag1 in Wolffian duct and its derivatives

2. study the potential function of the canonical Wnt pathway in ureteric
morphogenesis

3. analyse the inductive capability of canonical Wnt pathway in of two rodent
species
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3. MATERIALS AND METHODS
The methods used are described in details in the “Materials and Methods” section of

the respective publications. Experimental procedure using laboratory animals were
performed according to ethical guidelines by local authorities. Here, table 2. summarises
the in situ hybridization probes, table 3. shows the experimental methods and table 4.
indicates the mouse strains used in this thesis.

Table 2. The probes used for in situ hybridization

Probe Reference Used in
Arg2 IMAGE-clone 5254031 II

Bambi (Grotewold et al., 2001) I

Bmp4 (Raatikainen-Ahokas et al., 2000) I, II

Eya1 and -2 (Xu et al., 1997) I, unpubl.

Erm (Blak et al., 2007) II

Gdnf a gift from Dr JG Pichel I, II

GFR 1 (Suvanto et al., 1997) I, III

Hes1 A gift from Dr R. Kagayama I

Hes6 (Vasiliauskas and Stern, 2000) I

Hey1 and -2 (Leimeister et al., 2003) I

HeyL (Leimeister et al., 2000) I

hJag1 1.1 kb fragment of the 5’end of the hJagged1 gene  I

Jag1 (Mitsiadis et al., 1997) I

Lef1 (Travis et al., 1991) II, III

Lim1 (Kobayashi et al., 2005) II, III

Numb (Zhong et al., 1997) I

Pax2 (Dressler et al., 1990) I, III

Pax8 1.43 kb cDNA III

Pea3 (Lin et al., 1998) II, III

Six2 a gift from Dr RL Maas I, II, III

Tcf1 (James et al., 2006) II, III

Ret (Pachnis et al., 1993) I, II

Vsnl1 IMAGE-clone 5687661 II

Wnt4 (Stark et al., 1994) III

Wnt11 (Kispert et al., 1996) II

Wt1 (Kreidberg et al., 1993) I, II, III
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Table 3. Methods used and described in the articles I-III.

Method Described in Used in
Immunohistochemistry I, III I, II, III

Generation of new transgenic mouse lines I I, III

Cloning of transgenic constructs I, III I, III

Mice breeding I, II, III I, II, III

PCR genotyping I, II, III I, II, III

Quantitative Real-Time PCR I I

Histological analysis I, II I, II, III

Organ culture I I, II, III

In situ hybridization I I, II, III

LacZ staining II III

Western blotting II, III II, III

Table 4. Mouse strains used in thesis studies

Mouse strain Generated Used in
Hoxb7-Jag1 hJag1 cDNA was subcloned into Hoxb7-promoter

vector containing splice sites and polyA signal
I

Hoxb7-Cre-GFP (Zhao et al., 2004) II

Gdnf knockout (Pichel et al., 1996) III, unpublished

GATA3 knockout (Hendriks et al., 1999) III

Ret knockout (Schuchardt et al., 1994) II, unpublished

Six2-Cre Six2-promoter cDNA was subcloned
into pBluescript and followed by Cre
recombinase cDNA and polyA signal

III

-cateninexon3 (Harada et al., 1999) II, III

-cateninexon2-6 II

NMRI I, II, III

C57BL/6 I, III
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4. RESULTS AND DISCUSSION
First, the experiments and results studying the function of Jag1-activated Notch

signalling (4.1-4.3) and canonical Wnt pathway (4.4-4.8) in the control of ureteric
branching morphogenesis will be described. Nephron induction studies will be
discussed lastly in the chapters 4.9-4.11.

4.1 Overexpression of Jag1 in Wolffian duct derivatives activates Notch signalling
and causes renal aplasia or hypodysplasia (I)

The analysis of potential Notch functions in early renal differentiation was started
by studying the expression of Notch pathway genes in developing kidney. Prior to the
ureteric budding, high Jag1 expression was detected in the mouse mesonephric tubules,
and also in the cranial Wolffian duct (unpublished data). Slightly later Jag1 was
expressed both in the Wolffian duct and ureteric bud (I, Fig. 1A). The expression was
thereafter confined to the tip of the ureteric bud being simultaneously up-regulated in
the metanephric mesenchyme (I, Fig. 1B), where it was later detected in early
epithelialising nephrons (data not shown and Leimeister et al., 2003). Interestingly, at
T-bud stage Jag1 was highly expressed in the peritubular mesenchyme around the
Wolffian duct,  but was absent from the close proximity of the ureteric stalk,  leaving a
gap in the Jag1 expression exactly at the site where Bmp4 is normally detected. The
dynamic expression pattern suggested that Jag1 may participate in the control of kidney
induction at several stages. A possible function of Jag1 in the primary ureteric budding
was supported by the finding that the gene expression was up-regulated in the
supernumerary ureteric buds, which were induced by exogenous GDNF (I, Fig. 1C-D).
However, GDNF-activated Ret signalling is not required for the expression of Notch
pathway genes since Jag1 as well as Notch down-stream target Hes1 were  both
expressed in E11 Ret-deficient Wolffian duct and ureteric bud epithelium (unpublished
data).

Deletion of Jag1, Dll1 or Notch1-2 in mouse causes embryonic lethality prior to the
onset of organogenesis (Hrabe de Angelis et al., 1997; Jiang et al., 1998; Xue et al.,
1999; Gale et al., 2004; Hellstrom et al., 2007). In order to study Jag1-activated Notch
signalling in the kidney development transgenic mice expressing human Jag1 in
Wolffian duct and its derivatives were generated with the help of Hoxb7-promoter
(Kress et al., 1990; Vogels et al., 1993). Transgenic mice were born but ~46% of
newborns died within 24 - 48h of birth. Macroscopic examination and histology of the
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Figure 8. SDS-PAGE analysis of adult
urines indicates protein load in urine of
transgenic (TG) mice, which died at the
age  of  3  months.  WT lane  shows proteins
in the urine of wild typ littermate.

transgenic animals revealed a range of renal malformations, which included mild
hypoplasia, hydroureters, hydropelvises, tubular cysts and unilateral or bilateral aplasia
(I, Fig. 3A-F). Unilateral aplasia was often accompanied by a contralateral
hypodysplastic kidney, which had glomerular and tubular cysts and only few well-
differentiated glomeruli. The hypoplastic kidneys in general were histologically normal
exhibiting only occasionally tubular cysts (I, Fig. 4A-F). Measurement of the relative
transgene copy numbers by quantitative real-time PCR (qRT-PCR) showed that the
most severe renal defects were in the high copy number animals indicating that the gene
dosage influenced the phenotype.

Interestingly, some of the transgenic animals who survived the first two days after
birth, died between 2-9 months of ages suggesting a deficiency in renal function,
potentially similar to that seen in hypomorphic Notch2 and compound heterozygous
Jag1/Notch2 animals (McCright et al., 2001; McCright et al., 2002). Indeed, when the
urine of such transgenic mice was examined, it was proteinuric (Fig. 8) showing that the
misexpression of Jag1 also affected nephron function.

However,  no  gross  defects  could  be  observed  in  the  nephrogenesis  of  such
transgenic kidneys or in the nephrogenic
competence of Jag1 transgenic mice in general.
Transgenic metanephric mesenchymes expressed
Pax2, Wt1 and Eya1, and were induced to
nephrogenesis by the heterologous inducer (I, Fig.
6A-B). These findings suggest that structural
defects causing proteinuria arise during the
maturation of nephrons (eg. nephron
segmentation or glomerular capillary tuft
differentiation). As development is very sensitive
to changes in the dosage of Notch activity
(McCright et al., 2002; Duarte et al., 2004; Krebs

et al., 2004), and due to the regulation of kidney
development by inductive interactions, it is
possible that diminishing (McCright et al., 2001;
McCright et al., 2002) or increasing signalling
activity (see below) results in similar defects.
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Both qRT-PCR and in situ hybridization were used to evaluate potential changes in
Notch activity caused by overexpression of Jag1 in the Wolffian duct derivatives. The
activity was measured by analysing the expression level of Notch downstream target
Hes1 from wild type and Jag1 transgenic kidneys at E12 (n=4). Hes1 expression level
was in average 1.9 times higher in the transgenic than in wild type kidneys (p< 0.005,
Student’s T-test) suggesting that ectopic Jag1 expression in the ureteric epithelium
overactivates Notch pathway. As the ureteric bud epithelium constituted only a fraction
of the whole kidney volume, the fold-change is it most probably very significant due to
the local expression in the epithelium (see below).

At E11, Notch2, encoding a putative receptor for Jag1, was expressed in the
Wolffian duct and mesenchymal cap condensates, which also expressed down-stream
targets Hes1, Hes6 and SuH suggesting that Notch2 mainly signals in the cap
condensates. Several genes known to regulate ureteric branching are expressed in the
cap condensates, and its formation is essential for the progress of branching. In the
transgenic kidneys, where the bud was present at E11, Notch2 expression remained
normal but the expression of Hes1 and -6 was shifted from the cap condensates towards
the ureteric bud tips. Transgenic metanephric mesenchyme without a ureteric bud failed
to up-regulate Notch2 and the down-stream targets, which were highly expressed only
in the Wolffian duct (I, Fig. 7A-H). Therefore, it is reasonable to conclude that Notch
activity in Jag1 transgenic kidneys was shifted from cap condensate to the Wolffian
duct and ureteric bud epithelium, at least in the high transgene copy number animals.
Thus, the renal malformations can result from intrinsic alterations in the epithelium or
potentially from down-regulated signalling in the mesenchymal cap condensate. Most
likely both contribute to the defects seen in Jag1 transgenic kidneys.

4.2 Changes in the GDNF/Ret signalling disturb the ureteric budding and
branching in Jag1 transgenic mice (I)

The renal malformations causing the mortality in newborn Jag1 transgenic mice
point to the defects in the ureteric branching morphogenesis. This possibility was
studied by culturing E11 transgenic urogenital blocks in vitro up to three days. This
revealed that in 42% of the transgenic explants ureteric budding occurred but showed
either retarded branching (I, Fig. 5A-D) and/or spontaneous supernumerary ureteric
budding (Fig. 9A-B). The lack of, or formation of very rudimentary ureteric bud was
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observed in 29% of transgenic kidneys, and neither branching nor formation of
secretory nephrons was observed in such kidneys (I, Fig. 5E-F).

GDNF-activated Ret signalling is both necessary and sufficient for ureteric budding
and branching (reviewed in Costantini, 2006). At E11, the expression of Gdnf in the
transgenic mesenchyme was undetectable by in situ hybridisation  (I,  Fig.  8A-B),  and
qRT-PCR confirmed Gdnf down-regulation, which was in average 3.5-fold (n=6,
p<0.001, Student’s T-test). However, similarly to Notch2, Gdnf expression was normal
in transgenic kidneys at E12 if renal development proceeded to this stage (data not
shown). Reduced Gdnf levels alone could explain why ureteric budding often failed in

transgenic animals. Moreover, the expression of GDNF receptors Ret and GFR 1,

which is normally confined to the ureteric tips at T-bud stage, persisted in the transgenic
Wolffian duct and ureteric stalk (I, Fig. 8C-F). This reflects either epithelial immaturity,
a general delay in kidney development or lack of the signals that would normally down-

regulate Ret and Gfr 1 outside the ureteric tips. As it is known that GDNF up-regulates

its receptors and vice versa (Costantini and Shakya, 2006), it is possible that lack of
Gdnf and misexpression of its receptors are partially consequences of each other. It is
still equally possible that normal Notch signalling in the cap condensates is required for
Gdnf up-regulation.

In conclusion, the data show that disruption of normal Notch signalling changes
Gdnf/Ret expression and causes failure in the induction of ureteric budding and
branching. Accordingly, exogenous GDNF rescued the ureteric budding in all
transgenic kidneys, and also the branching was restored (I, Fig. 9A) in 71% of the
samples suggesting that defects in Jag1 transgenic kidneys indeed arise from the
reduced GDNF/Ret signalling. Furthermore, exogenous GDNF induced more extra
ureteric buds in transgenic than in wild type explants, but failed to confine Ret
expression to the ureteric bud tips in transgenic samples (I, Fig. 9B). The increase in

extra ureteric buds induced by GDNF most probably reflects the persistent Ret/GFR 1
expression in the transgenic Wolffian duct. This prolonged GDNF receptor expression
suggests that Notch signalling could actually regulate the receptor expression, or

alternatively unknown signals that are required for Ret/GFR 1 repression outside the

tip. By this way Jag1-activated Notch signalling may contribute to the determination of
ureteric tip identity. The expression of Hes1 and Ret co-localised in the epithelium of
both wild type and transgenic kidneys, and Ret promoter has the binding site for Hes1
(nucleotides 3099-3105 in genebank accession number AY255629). Thus, the data from
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Jag1 transgenic kidneys suggest that Notch signalling in the Wolffian duct and ureteric
epithelium may directly regulate the expression of GDNF receptors. However, studies
in MDCK cell line showed that endogenous expression of Notch pathway molecules is
not enough to activate Ret expression in these cells (unpublished data), but it is still
possible and tempting to speculate that Hes1 promotes Ret transcription although the
mechanism remains unknown.

Chemical inhibition of Notch signalling by gamma-secretase inhibitor DAPT
decreases ureteric branching (Cheng et al., 2003) and suggests that Notch signalling
participates in the guidance of ureteric branching morphogenesis. However, the
mechanism for reduced ureteric branching in gamma-secretase inhibited kidneys
remained unidentified. It may be secondary effect of severely disturbed nephrogenesis
but as well a direct consequence of inhibited Notch signalling. The experiment showing
that gamma-secretase inhibition does not inhibit GDNF-activated Ret-signalling in
Neuro2A cells does not prove that DAPT-treatment in kidneys could not interfere with
Gdnf/Ret expression, or Ret signalling. Genetic deletion of enzymes responsible for
gamma-secretase, Psen1 and  -2,  does  not  affect  the  expression  of Gdnf (Wang  et  al.,
2003) but its effect on Ret-signalling remains unknown. Our experiments clearly
suggest that at least Jag1-activated Notch signalling participates in the control of
ureteric branching by interacting with GDNF/Ret signalling.

4.3 Suppression of Bmp4 by BAMBI may explain spontaneous extra ureteric
budding in Jag1 transgenic kidneys (unpublished)

Spontaneous extra ureteric budding (Fig. 9A-B), which gives rise to duplex ureters
and pelvises (I, Fig. 4E), was occasionally observed in Jag1 transgenic kidneys. Both
genetic and in vitro evidence indicate that Bmp signalling negatively regulates ureteric
budding. Bmp4 is expressed by the smooth-muscle-type mesenchymal cells around the
Wolffian duct and it is down-regulated at the budding site (Miyazaki et al., 2000).
Increased Bmp4 levels also inhibit primary ureteric bud formation in vitro (Raatikainen-
Ahokas et al., 2000). Bmp4 expression pattern was normal in the Jag1 transgenic mice
but Bambi, an antagonistic Bmp pseudo receptor (Onichtchouk et al., 1999), was highly
up-regulated in the cells surrounding the transgenic Wolffian ducts (Fig. 9C-D). This
raises the possibility that up-regulation of Bmp antagonists rather than down-regulation
of the ligand itself antagonises Bmp signalling at the budding site thus providing an
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alternative mechanism for the regulation of ureteric bud formation. Both antagonistic
(Machold et al., 2007) and synergistic action (Nobta et al., 2005) of Notch and Bmp
signalling have been reported in other organ systems but how these pathways
potentially interact in renal morphogenesis remains to be elucidated.

Taken  together,  the  experiments  aiming  to  understand  the  role  of  Notch
signalling in the kidney development revealed that Jag1-activated Notch signalling
participates in the regulation of primary ureteric budding and subsequent branching by
interacting with GDNF and its receptors. The results from Jag1 transgenic mice imply
that a strict spatio-temporal control of Notch activity is needed for normal ureteric
morphogenesis during the early steps of kidney development, and suggest that Notch
signalling may contribute to the specification of ureteric tip identity through Ret
regulation.

4.4 Canonical Wnt activity and -catenin localisation suggest dual function for

Wnt signalling in renal development (II, III)
Reporter mice studies (Maretto et al., 2003; Moriyama et al., 2007, and II, Fig. 1C-

E) and -catenin localisation (II, Fig. 1A-B) indicated activation of canonical Wnt

Figure 9. Spontaneous extra ureteric budding and Bambi expression. (A) Wild type kidney shows
normal Wolffian duct but (B) occasionally spontaneous extra ureteric buds were formed in Jag1
transgenic mice. (C) Bambi expression in E11 wild type and (D) transgenic kidney.
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pathway specifically in the ureteric epithelium of the developing kidney. This suggests
function for Wnt signalling in the ureteric branching morphogenesis but very little is

known about the role of -catenin in kidney development, or Wnt signalling in the

ureteric morphogenesis. On the other hand, the role of Wnt signalling in the induction
of nephron differentiation is established. Wnt4 may activate planar cell polarity pathway
and thereby regulate renal progenitor cell population size in isolated kidney
mesenchymes (Osafune et al., 2006) but the intracellular pathways utilized in nephron

induction have remained unknown. The present study showed first that -catenin,  a

mediator of canonical Wnt signalling, was localized to early nephron structures of
developing kidney (II, Fig. 1A-B), and also that Wnt-reporter activity was detected in
pretubular aggregates (II, Fig. 1E).

4.5 Activation of canonical Wnt pathway through stabilisation of -catenin arrests

ureteric branching and induces nephron formation (II, III)
Wnt  binding  to  Fz/LRP  receptor  complex  turns  on  canonical  Wnt  pathway  by

activating Dsh, which then by an unknown mechanism inhibits the key enzyme of the

pathway, GSK3. This inhibition allows stabilisation of cytosolic of -catenin leading to

its nuclear translocation and binding to Tcf/Lef transcription factors (Huelsken and
Behrens, 2002). Two structurally unrelated GSK3 inhibitors, lithium and 6-
bromoindirubin-3´-oxime (BIO) were used to activate the canonical Wnt pathway in

whole kidneys or isolated metanephric mesenchymes. GSK3  inactivation was

demonstrated in the kidney mesenchymes by a phospho-specific antibody after 30 min

of BIO-treatment. Inactivation led simultaneously to the increased cytosolic -catenin

levels (III, Fig 3A lower). Accordingly, BIO stabilized -catenin also in kidney

rudiments  dissected  free  of  majority  of  the  mesenchymal  cells  (II,  Fig.  5C  and
supplementary Fig. 2A). These findings indicated that BIO may activate the canonical
Wnt pathway, which was further confirmed by studying the transcriptional activation of

-catenin in isolated renal mesenchymes and whole kidneys. The expression of
canonical pathway targets Lef1 and Tcf1 was highly up-regulated in GSK3-inhibited

kidney mesenchymes (III, Fig. 3B-F) demonstrating activation of the canonical Wnt/ -

catenin pathway. Similarly, transcriptional activation of -catenin was confirmed in
whole kidneys of BAT-gal reporter mice (II, Fig. 5A-B).
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GSK3 mediates also other pathways than Wnt signalling including Insulin-like
growth factor (IGF) in mammals and Hedgehog in Drosophila. It is theoretically
possible that these pathways could contribute to the morphological responses seen in
kidneys and isolated mesenchymes upon GSK3 inhibition by BIO/lithium (see below
and chapter 4.9). The potential consequence of GSK3 inhibition on Sonic hedgehog
(Shh) signalling was studied but no changes in the expression of Gli1, -2 or -3 were
detected in BIO-treated renal mesenchymes (III, unpublished observation).
Additionally, both the biochemical and genetic evidence indicate that GSK3 inhibition
by lithium/BIO during embryogenesis mimics the activation of Wnt signalling (Klein
and Melton, 1996; Stambolic et al., 1996; Seufert et al., 1999; Gould and Manji, 2005)
rather than IGF or Shh signalling. Therefore, based on our results and those published
by  others,  it  is  unlikely  that  the  other  GSK3  targets  would  engage  with  the  effect  on
kidney.

Previously it was shown that nuclear extracts isolated from LIF/TGF 2-induced rat

renal mesenchymal cells can bind to Lef/Tcf consensus sequence (Barasch et al., 1999).
Although we found that Wnt down-stream target Lef1 (III, Fig. 5A) was expressed in
the metanephric mesenchyme of rat kidneys with the similar pattern as in mouse, its

expression was not up-regulated by LIF, TGF 2 or their combination either in rat (III,

Fig. 5H-I) or mouse mesenchymes (III, Fig. 3G-H and unpublished data). Our finding

that LIF/TGF 2 does not up-regulate canonical Wnt targets in kidney mesenchymes

does not rule out the possibility that they would still promote binding of nuclear extracts
to Lef1/Tcf1. The failure to up-regulate Lef1/Tcf1 apparently reflects the differences in

the downstream targets through which LIF/TGF 2 and Wnt signalling pathways operate

in nephrogenesis (see below).
The potential function of GSK3 inhibition on renal morphogenesis was tested on

E11 kidneys. Lithium- and BIO-treatment inhibited completely the ureteric branching
but elongation of the epithelium still occurred to some extent. Unexpectedly
condensates were formed without ureteric branching but they were peculiarly located in
the periphery of kidney mesenchyme, apart from the ureteric epithelium (III, Fig 1A-D)
suggesting that GSK3 inhibition may promote pretubular aggregate formation in whole
kidneys similarly as reported in isolated mesenchymes (Davies and Garrod, 1995). To
test this, the inhibitors were withdrawn from the culture at 48h, and the kidney explants
were sub-cultured for two more days. In the kidneys transiently exposed to lithium (data
not shown) or BIO, branching morphogenesis was still arrested but more abundant
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tubular differentiation was observed (III, Fig. 1D) than in control kidneys (III, Fig. 1C).

Apparently -catenin stabilisation had dual effect on kidneys as it blocked ureteric

branching but simultaneously induced mesenchymal differentiation.

4.6 In vivo manipulation of -catenin specifically in the ureteric epithelium results
in similar ureteric branching defect as its in vitro stabilisation

Next the canonical Wnt/ -catenin function in the ureteric epithelium was studied in

vivo by two different genetic models generated with the help of Hoxb7-Cre; Gfp mice

(Zhao et al., 2004). Briefly, transgenic mice in which exons 2-6 of -catenin gene are

flanked with loxP sites (Brault et al. 2001) were used to produce offspring with no

functional -catenin in ureteric epithelium (termed -catenin deficient) and the mice in

which exon 3 is flanked by loxP sites (Harada et al., 1999) were used to generate

progeny with stabilized -catenin in the ureteric bud lineage (termed, -catenin
stabilized). The effect of these genetic manipulations was first studied by investigating

-catenin expression in kidneys of mutant mice. This confirmed that Hoxb7-Cre; Gfp

deleted the gene product and increased the protein levels specifically in the ureteric
epithelium of deficient mice and stabilized mice, respectively (II, Fig. 1G-I).

Analysis of postnatal -catenin mutant mice at P15 by genotyping revealed neither

-catenin deficient nor stabilized pups suggesting lethality either after the birth or

during embryogenesis. Examination of litters at P0 or P1 identified 26.9% -catenin

deficient and 30.5% -catenin stabilizes (n=27 and n= 36, respectively) pups

demonstrating that in both genetic models, transgenic animals were born alive but they

died postnatally (II, Table 1). Newborn -catenin deficient pups exhibited bilateral renal

aplasia (3/7) or bilateral renal hypodysplasia (4/7) (II, Fig. 2B). Similarly, the newborns

with the stabilized -catenin allele exhibited bilateral renal aplasia (5/11) or bilateral

renal dysplasia (6/11) (II, Fig. 2C). Both -catenin deficient and stabilized mice with

bilateral renal dysplasia also showed bilateral hydroureter (II, Fig. 2B-2C).
Accordingly, analysis of mutant mice at E14.5 revealed the similar renal defects as in
newborns, and provided a more accurate estimate of the relative occurrence of renal

aplasia  and  dysplasia.  20%  of -catenin deficient embryos were characterised by

bilateral renal aplasia, while 80% showed bilateral renal dysplasia. -catenin stabilized

embryos exhibited bilateral renal aplasia in 17 % of the mutant embryos, while 83 %
had bilateral renal dysplasia (II, Table 1). Together, these observations demonstrate that
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both -catenin deficient and -catenin stabilized mice exhibit similar, severe renal

phenotypes, which result in early postnatal death.
Histological analysis of embryonic kidneys at E12.5 suggested a decrease in kidney

size in both -catenin deficient and stabilized mice (II, Fig. 2D-4F). At E13.5, ureteric

bud branching failed to progress beyond that observed at E12.5 in both types of -

catenin mutant mice (data not shown), and by E14.5, kidneys in both types of mutant
mice exhibited a cystic dysplastic appearance (II, Fig. 2G-2I). All the above described
phenotypes point to the defects in ureteric bud morphogenesis, which was confirmed by
visualizing the ureteric bud branches with the GFP tag in Hoxb7-Cre construct (II, Fig.

2J-L). GFP revealed marked attenuation of ureteric branching in -catenin deficient (II,

Fig. 2K) and -catenin stabilized mice (II, Fig. 2L) at E12.5. Together, these results

demonstrate that both -catenin deficiency and stabilisation in the ureteric bud lineage

abrogates renal branching morphogenesis and causes severe renal dysgenesis.

4.7 Cellular mechanisms in epithelium specific -catenin mutant mice

To determine cellular mechanisms that control abnormal kidney development in -
catenin mutant mice, we first investigated those events important to branching

morphogenesis and generally controlled by -catenin. In the developing limb, -catenin

deficiency or its stabilisation increases apoptosis (Hill et al., 2006). Since increased
apoptosis has been shown to control decreased ureteric branching in Pax2-deficient

mice  (Dziarmaga  et  al.,  2003),  we  determined  the  effect  of -catenin manipulation on
the number of apoptotic cells in ureteric bud. TUNEL analysis of embryonic kidneys at
E12.5 did not reveal any difference in the number of apoptotic epithelial cells in either

-catenin deficient or -catenin stabilized mice (II, Fig. 3A, and Supplementary Fig, 1).

Consistent with the known requirement for ureteric bud branching in rescuing the
metanephric mesenchyme from apoptosis (Barasch et al., 1997), apoptosis was
increased in metanephric mesenchymal cells 4.4-fold (P=0.03) and 5-fold (P=0.015) in

-catenin deficient and -catenin stabilized mice, respectively. These results do not

suggest a primary role for apoptosis in the arrest of branching morphogenesis in -

catenin mutant mice but highlight a deleterious role for apoptosis in the subsequent
abnormal development of the metanephric mesenchyme.

Cell proliferation is a critical cellular event during branching morphogenesis

(Shakya et al., 2005b). Since -catenin in partnership with its Tcf transcription factors
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generally increases the transcription of genes that positively regulate cell proliferation,

we measured rates of cell proliferation in -catenin mutant mice. BrdU incorporation at

E12.5 -catenin deficient mice indicated a 1.8-fold decrease in ureteric bud cell
proliferation in comparison to wild type ureteric epithelium (P=0.004) (II, Fig. 3A and
Supplementary Fig. 1). In contrast, BrdU incorporation was slightly increased (1.3-fold)

in E12.5 ureteric epithelial cells of -catenin stabilized mice (P=0.02). These studies

indicate that manipulation of -catenin dosage in the ureteric bud modulates cell

proliferation in a manner consistent with its positive regulatory function. At the same

time, the stimulatory effects of -catenin stabilisation on cell proliferation did not

increase ureteric bud branching but rather inhibit it.

-catenin regulates cell-cell adhesion by binding the cytoplasmic domain of

cadherins (Takeichi, 1995). Therefore it was hypothesized that abnormal -catenin

expression may disrupt cell adhesion through E-cadherin. However,

immunohistochemical analysis of renal tissues from E13.5 wild type and -catenin
mutant mice revealed similar patterns of E-cadherin in epithelial tubules despite the

abnormalities in the tissue architecture of the -catenin mutant kidneys (II, Fig. 3B-3D).

Moreover, analysis of junctional complexes and adherens junctions by electron
microscopy demonstrated that these structures are maintained in epithelial cells of

mutant kidneys (II, Fig. 3E-3G). Together, these results suggest that -catenin
deficiency or stabilisation does not disrupt cell-cell adhesion in the embryonic kidney,
and that other mechanisms disrupt branching morphogenesis in the mutant kidneys.

4.8 Ureteric epithelium specific -catenin manipulation disturbs Ret-signalling and

causes loss of ureteric tip identity
Next we investigated molecular mechanisms that could mediate the deleterious

effects of -catenin deficiency or stabilisation on renal development. The studies using

Tcf-dependent reporter mice indicated activation of canonical Wnt/ -catenin in the

ureteric bud lineage (see II, Fig. 1C-E). Thus, we hypothesized that -catenin/Tcf

activity may control genes required for guidance of branching morphogenesis. Survey
of databases for genes expressed in the ureteric bud and required for branching
morphogenesis revealed the presence of Tcf consensus binding sequences (CTTTG A/T

A/T) in the 5’UTR of Ret making it a good candidate to mediate -catenin effects.

Normally Ret is expressed in the tips of ureteric buds but strikingly, it was undetectable
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in the ureteric buds of -catenin deficient kidneys (II, Fig. 4A-B). In contrast, Ret

expression was maintained in the ureteric bud branches of -catenin stabilized mice (II,

Fig. 4C). Thus, the data suggest that -catenin  is  required  for Ret expression, and that

the ureteric branching defects in -catenin deficient mice may derive from the loss of
Ret signalling. At the moment it is impossible to determine whether Ret expression is

directly or indirectly regulated by -catenin, but based on the expression patterns, it is

unlikely that -catenin would control spatial-temporal restriction of Ret expression  to

the tips of ureteric buds. One possible mechanism through which -catenin could

regulate Ret expression is via Pax2, which is expressed in the metanephric mesenchyme

of the -catenin deficient embryos but lacking from the ureteric bud (data not shown). It
has been shown that Pax2 dose dependently regulates Ret expression  (Brophy  et  al.,

2001; Clarke et al., 2006) and this regulation could be defective in the -catenin

deficient kidneys.

The molecular mechanisms for ureteric morphogenesis defects in -catenin

stabilized kidneys remained unknown. Although the proliferation in the ureteric

epithelial cells with genetically stabilized -catenin is slightly altered (II Fig 3. and

Supplementary Fig. 1), it cannot explain the branching morphogenesis defect in the

mutant kidneys.  The analysis of expression patterns of potential -catenin targets in
ureteric epithelium (III, Fig. 4C and 4F) could not explain the phenotype either. As

stabilisation of -catenin through GSK3 inhibition by BIO or lithium arrests ureteric

bud branching (II, Fig. 5D-E and III, Fig. 1A-D) we took the advantage of in vitro

stabilisation of -catenin in kidney cultures in order to reveal molecular mechanisms

leading to ureteric branching defect in -catenin stabilized kidneys. Similarly to genetic

stabilisation of -catenin, activation of canonical Wnt/ -catenin in cultured kidneys did
not affect the expression of Gdnf/Ret pathway molecules (II, Fig. 5F-I) but clearly
blocked ureteric branching.

 Since Ret-mediated signalling is critical for ureteric bud branching, we next

investigated the possibility that stabilisation of -catenin in the ureteric bud interrupts

the signalling events down-stream of Ret, thereby abrogating ureteric branching. This
was supported by the finding that Ret signalling targets Wnt11 (Pepicelli et al., 1997)
and Pea3 (Haase et al., 2002 and personal communication by B. Lu and F. Costantini)
were undetectable in ureteric bud tips of BIO-treated kidneys (II, Fig. 6D, F). Similarly,

Wnt11 was lost also from the kidneys where -catenin was genetically manipulated (II,
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Fig. 6H-I). Accordingly, ligand-dependent induction of Ret signalling, which involves
phoshorylation of residues within the Ret tyrosine kinase domain and activation of
downstream events, was disrupted as the level of phoshorylated Erk was markedly

reduced in -catenin stabilized kidneys (II, Fig. 6C). The decrease in signalling activity

appears to be specific to Erk/MAPK pathway, which by others has been shown to
regulate ureteric branching (Fisher et al., 2001), since no differences were detected in

pAKT  levels  (data  not  shown).  Thus,  stabilisation  of -catenin in the kidney disrupts
signalling that occurs downstream of Ret resulting in loss of Ret target gene expression

in the tips of ureteric buds. The phenotype in -catenin stabilized kidneys resembles

molecularly to that reported from Six2-deficient mice in which Ret and Gdnf are
normally expressed but Wnt11 is missing (Self et al., 2006). The expression of Six2 in

-catenin stabilized kidneys remained normal although its pattern was slightly expanded
in BIO-treated kidneys (unpublished data). It will be interesting to reveal regulatory

relationships of Six2 and -catenin because of their obviously essential functions in

nephron induction.

We next studied whether the exogenous GDNF could rescue the effect of -catenin

stabilisation in BIO-treated kidneys. Normally GDNF induces formation of several
ectopic ureteric buds from the Wolffian duct (Sainio et al., 1997 and II, Fig. 6A) but
simultaneous application of exogenous GDNF and BIO to kidneys failed to induce
supernumerary budding. Accordingly, exogenous GDNF did not rescue ureteric
branching in the presence of BIO (II, Fig. 6B). Not even high local concentrations of
GDNF released from beads (Sainio et al., 1997) had an effect on ureteric morphogenesis

if canonical Wnt/ -catenin pathway was simultaneously activated (II, Supplementary

Fig.  2H and 2I).  Similarly,  application of GDNF after 24h of BIO treatment could not
completely rescue ureteric branching although the epithelium responded to GDNF by
swelling of the ureteric epithelium and formation of bud-like structures, which
expressed Wnt11 (II, Supplementary Fig. 2J). Together, these results demonstrate that

-catenin stabilisation irreversibly blocks ureteric branching, and re-activation of Ret

signalling  cannot  overcome  this  effect.  This  may  be  due  to  the  effect  of -catenin

stabilisation on the metanephric mesenchyme, which is induced to nephrogenesis (III)
and may therefore block the growth of ureteric bud in a similar manner as suggested in
Six2-deficient kidneys (Self et al., 2006).

Formation of ureteric tip is essential for branching morphogenesis (Sariola and
Sainio, 1997; Shakya et al., 2005b; I). Consistently, the molecular identity of ureteric tip
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cells is distinct from that of ureteric stalk cells. Indeed, ureteric tips express a subset of
transcripts that differ from those expressed in ureteric stalk epithelium such as
Arginase2, Sox9 and Wnt11 among others (Kispert et al., 1996; Schmidt-Ott et al.,

2005; Caruana et al., 2006). To determine the effects of -catenin stabilisation on the tip

identity, we analysed the expression of tip-specific markers in BIO-treated kidney
explants. The expression of Arg2 (Caruana  et  al.,  2006  and  II,  Fig.  7A)  and Sox9
(Pepicelli  et  al.,  1997)  is  normally  restricted  to  ureteric  tips,  but  their  expression  was

markedly decreased in -catenin  stabilized  kidneys  (II,  Fig.  7B  and  data  not  shown).

Remarkably, the localisation of DBA-lectin, which is restricted to ureteric stalks
(Michael et al., 2007 and II, Fig. 7C), was mislocalised to the entire ureteric epithelium

including the tip in -catenin  stabilized  kidneys  (II,  Fig.  7D).  Consistent  with  this

finding, DBA-lectin was also expanded throughout the ureteric epithelium in Ret-
deficient kidneys (II, Supplementary Fig. 2K), in which ureteric branching is clearly
diminished (Schuchardt et al., 1994; Sanchez et al., 1996). Together, the data
demonstrate that activation of canonical Wnt signalling disrupts ureteric tip-identity,
which is replaced by stalk-identity. The loss of tip identity significantly contributes to
the ureteric branching defect in stabilized kidney similarly to that in Ret-deficient
kidneys. Also Jag1 overexpression in the Wolffian duct and ureteric epithelium (I)
disrupts the tip identity (I, Fig. 8C-F) and contributes to the branching morphogenesis
phenotype in this transgenic model.  It is possible that similar competition of inhibiting
and activating modes of functions as demonstrated for Wnt and Shh in chick neural tube
patterning (Lei et al., 2006), are operating in normal ureteric bud epithelium to produce

an interface between Ret and canonical Wnt/ -catenin pathways to establish distinct tip

and stalk sub-regions (II, Fig. 8). On the other hand, Ret and Notch activity needs to be
restricted to the ureteric tips, since if Notch activity is forced throughout the epithelium,
the whole ureteric bud expresses Ret and gains tip-identity. This theory would suggest
that canonical Wnt activity is required for ureteric stalk formation and Ret and Notch

signalling determine the tip cells. Deletion of -catenin  (II)  results  in  situation  where

neither of the identities are established due to the lack of Ret expression whereas -
catenin stabilisation (II) and thereby over-activation of canonical Wnt pathway causes
expansion  of  stalk  with  the  expense  of  the  tip  identity.  It  is  likely  that  mesenchymal
signals also participate in the patterning of ureteric epithelium into distinct sub-regions,
but how these contribute to the formation of tip-stalk identities remain to be elucidated.
Taken together, the work demonstrates for the first time that normal activation of
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canonical Wnt/ -catenin pathway in ureteric bud epithelium is crucial for epithelial

patterning and branching.

4.9 -catenin stabilisation triggers nephrogenesis in isolated mesenchymes
The data on whole kidney explants (III, Fig 1A-D) suggested that canonical Wnt

pathway activation may induce nephrogenesis. To study this, isolated kidney
mesenchymes were transiently exposed to GSK3 inhibitors. Control kidney
mesenchymes failed to express condensate (III, Fig. 1E) or pretubular markers (Fig.
1F), and as reported earlier (Barasch et al., 1997) died in few days while the
mesenchymes cultured with BIO (data not shown) or lithium formed condensate-like
structures expressing Pax8 (III, Fig. 1G), Pax2, and Wt1 (data  not  shown).  Also
pretubular aggregate markers (Carroll and McMahon, 2003) Lim1 and Wnt4 (III, Fig 1H
and I) were up-regulated. When the GSK3 inhibitors were removed from the cultures at
this point, the pretubular aggregates fully epithelialised into all main nephron structures

during the following 4-5 days culture (III, Fig. 1J and Fig. 2). Transient GSK

inhibition induced abundant tubulogenesis also in isolated rat mesenchymes (III, Fig. 5)
suggesting, unlike previous experiments (Barasch et al., 1999), an evolutionarily
conserved mechanism for nephron induction. However, the optimal exposure time of
GSK3 inhibitors in rat was 24h while in mouse it was 48h.

Interestingly, when the mesenchymes and whole kidneys were exposed to the GSK3
inhibitors constantly, they became necrotic and showed no epithelial differentiation
(data not shown) as reported previously (Davies and Garrod, 1995). Therefore, only
transient exposure of kidney mesenchymes to BIO or lithium could trigger nephron
differentiation suggesting that either the inhibitors are toxic in long term culture, or that

GSK  reactivation/ -catenin destabilisation must occur in order to allow the progress of

the mesenchyme-to-epithelium transformation. The latter hypothesis is supported by the
up-regulation of canonical Wnt signalling antagonists during nephron formation. For
example, sFRP is a negative regulator and target of Wnt4 signalling in developing
metanephros (Lescher et al., 1998). Therefore the endogenous inhibitors may suppress
Wnt pathway during the normal epithelialisation of the nephron similarly to that

suggested in tooth development (Järvinen et al., 2006). Constant -catenin stabilisation

by lithium or BIO is probably so robust that endogenous feedback mechanisms cannot
overcome it. Also in vivo the nephron induction may be transient since a the
mesenchymal cells giving rise to future nephron meet the inducer, the ureteric bud, only
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briefly due to its continuous growth and branching. All in all, these experiments
demonstrated for the first time that isolated mouse metanephric mesenchyme can be
induced to full tubulogenesis without cell contacts with the inducer substance, and that
the mechanisms triggering the induction are probably conserved in vertebrates.

4.10 Genetic stabilisation of -catenin in mouse mesenchymes induces

nephrogenesis
We generated transgenic mice, where Six2-promoter (Brodbeck et al., 2004) drives

the expression of Cre-recombinase in the metanephric mesenchyme (III, Fig. 4A) to

enable genetic stabilisation of -catenin (Harada et al., 1999 and see chapter 4.9)

specifically in the renal mesenchyme. Kidney mesenchymes isolated from Six2-
Creex3fl/ex3fl embryos formed spontaneously pretubular aggregates, which in five days
differentiated into secretory nephrons binding LT- and PNA-lectins (III, Fig. 4B-C).
Mesenchymes  isolated  from  the  control  embryos  (III,  Fig.  4D-E)  showed  no  nephron
development. Unfortunately Six2-Creex3fl/ex3fl embryos died around E11, which
prevented us from the analysis of late embryonic kidneys. The cause for embryonic
lethality remains unknown, but may be due to the Six2-Cre expression detected in

embryonic heart (data not shown). However, genetic stabilisation of -catenin in the

kidney mesenchymes resulted in similar epithelialisation of isolated kidney

mesenchymes as in vitro stabilisation indicating an in vivo role for -catenin
stabilisation in triggering the nephrogenesis. This is further supported by activation of
canonical Wnt pathway only in pretubular aggregates of developing nephron (II, Fig.
1B and D). In conclusion, activation of canonical Wnt pathway by chemical or genetic
means is sufficient for induction of nephrogenesis. Wnt inhibitors such as Cited (Plisov
et al., 2005) and sFRPs (Yoshino et al., 2001), are up-regulated in early nephron

structures and may suppress the pathway also in the mice with genetically stabilized -

catenin. This further endorses the requirement for transitory nature of nephron
induction, but remains to be shown.

4.11 Establishment of nephrogenic competence does not require the ureteric
epithelium

The data from whole kidneys transiently exposed to GSK3 inhibitors suggested that
ureteric branching morphogenesis is not required for the induction of kidney
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mesenchyme. This has been previously shown in another experimental setup, where
ECM proteoglycans were depleted in the kidney cultures resulting in complete lack of
the ureteric branching, which did not prevent mesenchymal differentiation (Davies et
al., 1995). The metanephric mesenchyme expresses a set of nephrogenic marker genes
already prior to the primary ureteric budding (Vainio and Lin, 2002), but the factors
regulating this mesenchymal competence are not known. One possibility still is that the
ureteric bud or the Wolffian duct epithelium provides cues for the nephrogenic

competence. To test this, in vitro -catenin stabilisation method was used in two genetic

models where Wolffian duct or the ureteric bud development is disrupted. Gdnf-
deficient mice show normal Wolffian duct development but often lack the ureteric bud
(Pichel et al., 1996). When Gdnf-deficient isolated kidney mesenchymes were
transiently exposed to GSK3 inhibitors, they differentiated into kidney tubules as
extensively as wild type controls (III, Fig. 6A and data not shown). Similarly, activation
of the canonical Wnt pathway induced nephron differentiation in Gata3-deficient
mesenchymes (III, Fig. 6B), which have never been in contact with the epithelium due
to disrupted Wolffian duct migration (Lim et al., 2000). The duct in Gata3 -/- mice
reaches at its best the level of caudal mesonephric tubules but never the level of the
presumptive metanephric mesenchyme (Grote et al., 2006). Thus, the nephrogenic
competence in kidney mesenchymes is established independently of the influence of the
epithelium. However, in vivo the formation of a ureteric bud is essential for nephron
induction and subsequent differentiation since tubulogenesis does not take place in the
genetic mouse models where the ureteric budding is disrupted (Vainio and Lin, 2002).

Induction by GSK3 inhibition resembles that by the spc, which is a potent inducer of
nephrogenesis in vitro (Saxén, 1987). However, contrary to the studies with spc and
Wnt- expressing cells, our results demonstrate that induction may be experimentally

triggered in contact independent manner. Stabilisation of -catenin, the hallmark of

canonical Wnt pathway activation, is sufficient for triggering nephron formation. This
makes chemical GSK3 inhibition a suitable method to study molecular mechanisms and
intracellular signalling pathways of nephron induction and kidney development in
general.
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5. CONCLUDING REMARKS
Understanding the origin and pathogenesis of developmental defects is possible only

if the regulation of normal embryogenesis is known. Much of our knowledge of how
kidney differentiation is controlled was already available during the course of the
experimental work for this thesis but more importantly several key aspects were
missing. The role of GDNF/Ret signalling in the initiation of ureteric branching
morphogenesis was established but how it possibly interacts with other developmentally
important pathways was unidentified. It was also known that Notch signalling patterns
the future nephron prior to its epithelialisation but nothing was known about its function
during the early stages of kidney development. Furthermore the requirement for Wnt
signalling in the formation of nephrons was evident while the down-stream pathways
through which it induces the nephrogenesis were not defined. The potential role of the
canonical Wnt pathway in the ureteric epithelium, where it is strongly activated, was a
completely unexplored subject. The main reason for the lack of the answers for the
above listed issues has been the lack of appropriate tools to study these questions.
Generation and utilisation of new mouse models, which allow tissue-specific
manipulation of gene activity specifically in distinct tissue compartments of the
developing kidney, has been the basis of this thesis.

Here it was demonstrated that Notch and Wnt signalling pathways participate in the
control of ureteric branching morphogenesis, and that activation of the canonical Wnt
pathway is sufficient for nephron induction. Previous experiments had suggested that a
decrease in the Notch activity reduces kidney size, potentially through regulation of
branching morphogenesis, but the direct evidence and the mechanisms through which
Notch would supervise branching were missing. Characterisation of Jag1 transgenic
kidneys revealed that Notch signalling interplays with GDNF/Ret in the regulation of
ureteric budding and potentially also during later branching events. Interestingly,
although lateral inhibition is a key mechanism through which Notch signalling
regulates, for example, neuronal and pancreatic differentiation, no evidence could be
found  for  that  in  the  development  of  the  ureteric  bud.  It  is  still  relevant  to  speculate
about whether the Wolffian ductal cells fated to form a ureteric bud, are selected by the
intrinsic mechanism within the epithelium, such as lateral inhibition or induction.
Demonstration of the mode of Notch pathway function may be possible in future if new
techniques enable manipulation of gene activities at the single cell level.
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Although the canonical Wnt pathway is strongly activated in the ureteric epithelium,

its function in these cells had remained unknown. The -catenin manipulation

experiments here demonstrated that canonical Wnt signalling regulates ureteric
branching. Which of the Wnt ligands actually trigger the pathway in the ureteric
epithelium remains unknown, and conditional deletion of at least two if not three of
them may be required to indicate their necessity in the ureteric branching
morphogenesis. The situation was opposite in the regulation of nephron differentiation,
which  was  known  to  depend  on  the  function  of Wnt9b and  -4, but the down-stream
pathways through which they induce nephrogenesis had remained obscure. This thesis
shows that activation of the canonical Wnt pathway is able to trigger nephron
differentiation but the full mesenchyme-to-epithelium transition requires transient
activation of the pathway. This requirement is supported by transient activation of
canonical Wnt pathway in nephron intermediates as detected in kidneys of reporter mice
and by up-regulation of the canonical pathway antagonists in late intermediates
(pretubular aggregates). One important aspect of induction studies was that they
demonstrated that isolated mouse mesenchymes can be induced to full nephrogenesis by
chemical means. It is methodically significant finding, which will hopefully facilitate
future nephron induction studies. However, neither the data from ureteric branching nor
mesenchyme experiments exclude the potential involvement of the non-canonical

pathways in these processes. A lack of the specific methodological tools to study -

catenin independent pathways makes it difficult to dissect their function in renal
differentiation.



Kidney Induction Acknowledgements

61

6. ACKNOWLEDGEMENTS
This study was carried out at the Institute of Biomedicine, University of Helsinki. I

want to warmly thank Professor Olli Jänne, Director of the Biomedicum Helsinki,
Professor Esa Korpi, the head of the Institute of Biomedicine, Professor Tomi Mäkelä,
the  head  of  Biochemistry  and  Developmental  Biology  at  the  Institute  and  Director  of
Helsinki Biomedical Graduate School, for providing excellent working facilities, high-
quality education and financial support and Professor Irma Thesleff, the head of Center
of Excellence (CoE), for keeping up the spirit of Finnish developmental biology.

I wish to express my deepest gratitude to my supervisors Professor Hannu Sariola
and  Docent  Kirsi  Sainio,  who  have  taught  me  the  true  meaning  of  research,  and
provided the lab of Circus Sariola with humane environment and excellent equipments.
Your  enthusiasms  and  attitudes  are  admirable  -  neither  of  you  was  ever  too  busy  to
welcome a discussion, whether it was scientific or not. I also want to thank Professor
Seppo Vainio for introducing me to the fascinating world of developmental biology.

I want to acknowledge my thesis committee members Docents Päivi Miettinen and
Marjo Salminen for their helpful comments and support towards my work.

I also want to thank the reviewers of my thesis, Docent Eero Lehtonen and Professor
Årindam Majumdar, for careful reading and valuable commenting of the manuscript.

Today science is more than ever full of teamwork and I thank all my co-authors for
their fruitful collaboration. I want to specially acknowledge Darren Bridgewater and
Norm Rosenblum for combining their data with ours, Paul Riccio and Frank Costantini
for providing their important know-how especially in the isolated ureteric bud cultures,
my hands-on supervisor Reetta Vuolteenaho for teaching me the tricks of transgene
construct cloning, my “brother” Anttu the Lynx and summer-boy Jouni for expertise in
quantitative RT-PCR, Tiina Immonen for everlasting patience in answering my
overwhelming questions. In addition to science, Anna Popsueva and Madis Jakobson
are highlighted for their friendly companionship during the endless hours of lab work,
and Kirmo Wartiovaara for long discussions dealing with everything under the sun.

I  warmly  thank  all  the  previous  and  present  members  of  the  Circus  Sariola,  with
whom I have had the privilege to delight in crayfish and fondue parties, outdoor
activities and challenges of publishing – depressing rejections do sometimes lead to rare
moments of success. I am deeply grateful for Agnès Viherä for her precious skills and
the numerous experiments she has done for me, but more importantly, for her most
valuable friendship. I want to emphasise Laura Kerosuo’s extraordinary sense of



Kidney Induction Acknowledgements

62

humour and the way how she values life. I would like to thank Nina Perälä for shared
trips, Roxana Ola for her eagerness to bench work, Heli Fox and Mariann Nymark for
joining the “lunch-club”, Samer Hussein for helping with the English language, Anita
Tuomainen  and  Eric  Pedrono for  the  nice  moments  of  SS,  Jetta  Kelppe  for  her  warm
friendship, and Elena Arighi for bringing in the glimmer of sunshine and excellent
presents whenever visiting the lab. Marjo, Katja, Valtteri, Fares, Alex, Anastasia and
CoE as well as DevRepro members are thanked for the nice time we have shared
together.

Lea Armassalo and Virpi Syvälahti are acknowledged for their important technical
help in laboratory work and Kirsi Salonen, Sanna Kauppinen, Eija Nissinen and all the
others in the transgenic units in Oulu and Biomedicum Helsinki are acknowledged for
their expertise. Kari “Ransu” Ojala, Maiju Aalto and the others are thanked for taking
such good care of my research tools. Aija Kaitera is acknowledged for her valuable help
in practical matters concerning my PhD-studies.

There were times during this thesis when I tended to forget that research does not
equal life, and that success or failure in my work does not measure me as a human
being. I am most fortunate to have honest and straight friends who have guided me back
from the wrong tracks. The warm friendship with Hanna Rinne and Miia Tuikka begun
when we were five years old and I want to thank the girls for walking through life with
me. The chance to get to know Marika Kuusela and Tiina Seppänen made the years in
Vainio group extremely precious. And so far, I have survived our adventures.

Without Marjo Kestilä the probability that this thesis would have never been
completed is amazingly high – thanks for your ears, which are always there and your
infinite suggestions how things could be dealt. The value of Mikko Kestilä cannot be
overcome  since  he  has  made  living  here  in  Southern  Finland  tolerable  by  feeding  me
and my family numerous times with enjoyable food and company.

Mom and dad, without you I would not exist. Together with Eila and my parents-in-
law, Armi and Viljo, you are always there to help.

There are no ways that I could compensate to my family the time, which this work
has kept me away from them. Above all, Pekka, who made this thesis possible, together
with Otto and Oula – you are my life.

Satu Kuure
Helsinki, 2007



Kidney Induction Refecences

63

References

Abdelhak, S., Kalatzis, V., Heilig, R., Compain, S., Samson, D., Vincent, C., Weil,
D., Cruaud, C., Sahly, I., Leibovici, M. et al. (1997). A Human Homologue of the
Drosophila Eyes Absent Gene Underlies Branchio-Oto-Renal (BOR) Syndrome and
Identifies a Novel Gene Family. Nat. Genet. 15, 157-164.

Airaksinen, M. S., Titievsky, A. and Saarma, M. (1999). GDNF Family Neurotrophic
Factor Signalling: Four Masters, One Servant? Mol. Cell. Neurosci. 13, 313-325.

al-Awqati, Q. and Goldberg, M. R. (1998). Architectural Patterns in Branching
Morphogenesis in the Kidney. Kidney Int. 54, 1832-1842.

Arighi, E., Borrello, M. G. and Sariola, H. (2005). RET Tyrosine Kinase Signalling
in Development and Cancer. Cytokine Growth Factor Rev. 16, 441-467.

Armstrong, J. F., Pritchard-Jones, K., Bickmore, W. A., Hastie, N. D. and Bard, J.
B. (1993).  The  Expression  of  the  Wilms'  Tumour  Gene,  WT1,  in  the  Developing
Mammalian Embryo. Mech. Dev. 40, 85-97.

Artavanis-Tsakonas, S., Muskavitch, M. A. and Yedvobnick, B. (1983). Molecular
Cloning of Notch, a Locus Affecting Neurogenesis in Drosophila Melanogaster. Proc.
Natl. Acad. Sci. U. S. A. 80, 1977-1981.

Artavanis-Tsakonas, S., Matsuno, K, Fortini, M. E. (1995) Notch signalling.
Science. 268, 225-232.

Avantaggiato, V., Dathan, N. A., Grieco, M., Fabien, N., Lazzaro, D., Fusco, A.,
Simeone, A. and Santoro, M. (1994).  Developmental  Expression  of  the  RET
Protooncogene. Cell Growth Differ. 5, 305-311.

Ayres, J. A., Shum, L., Akarsu, A. N., Dashner, R., Takahashi, K., Ikura, T.,
Slavkin,  H.  C.  and  Nuckolls,  G.  H. (2001). DACH: Genomic Characterization,
Evaluation as a Candidate for Postaxial Polydactyly Type A2, and Developmental
Expression Pattern of the Mouse Homologue. Genomics 77, 18-26.

Barasch, J., Qiao, J., McWilliams, G., Chen, D., Oliver, J. A. and Herzlinger, D.
(1997). Ureteric Bud Cells Secrete Multiple Factors, Including bFGF, which Rescue
Renal Progenitors from Apoptosis. Am. J. Physiol. 273, F757-67.

Barasch, J., Yang, J., Ware, C. B., Taga, T., Yoshida, K., Erdjument-Bromage, H.,
Tempst, P., Parravicini, E., Malach, S., Aranoff, T. et al. (1999). Mesenchymal to
Epithelial Conversion in Rat Metanephros is Induced by LIF. Cell 99, 377-386.

Barnett, M. W., Fisher, C. E., Perona-Wright, G. and Davies, J. A. (2002).
Signalling by Glial Cell Line-Derived Neurotrophic Factor (GDNF) Requires Heparan
Sulphate Glycosaminoglycan. J. Cell. Sci. 115, 4495-4503.



Kidney Induction Refecences

64

Batourina, E., Gim, S., Bello, N., Shy, M., Clagett-Dame, M., Srinivas, S.,
Costantini, F. and Mendelsohn, C. (2001). Vitamin A Controls
epithelial/mesenchymal Interactions through Ret Expression. Nat. Genet. 27, 74-78.

Batourina, E., Choi, C., Paragas, N., Bello, N., Hensle, T., Costantini, F. D.,
Schuchardt, A., Bacallao, R. L. and Mendelsohn, C. L. (2002). Distal Ureter
Morphogenesis Depends on Epithelial Cell Remodeling Mediated by Vitamin A and
Ret. Nat. Genet. 32, 109-115.

Blak, A. A., Naserke, T., Saarimaki-Vire, J., Peltopuro, P., Giraldo-Velasquez, M.,
Vogt Weisenhorn, D. M., Prakash, N., Sendtner, M., Partanen, J. and Wurst, W.
(2007). Fgfr2 and Fgfr3 are Not Required for Patterning and Maintenance of the
Midbrain and Anterior Hindbrain. Dev. Biol. 303, 231-243.

Bouchard, M., Pfeffer, P. and Busslinger, M. (2000). Functional Equivalence of the
Transcription Factors Pax2 and Pax5 in Mouse Development. Development 127, 3703-
3713.

Bouchard, M., Souabni, A., Mandler, M., Neubuser, A. and Busslinger, M. (2002).
Nephric Lineage Specification by Pax2 and Pax8. Genes Dev. 16, 2958-2970.

Brade, T., Manner, J. and Kuhl, M. (2006). The Role of Wnt Signalling in Cardiac
Development and Tissue Remodelling in the Mature Heart. Cardiovasc. Res. 72, 198-
209.

Brodbeck, S., Besenbeck, B. and Englert, C. (2004). The Transcription Factor Six2
Activates Expression of the Gdnf Gene as Well as its Own Promoter. Mech. Dev. 121,
1211-1222.

Brooker,  R.,  Hozumi,  K.  and  Lewis,  J. (2006). Notch Ligands with Contrasting
Functions: Jagged1 and Delta1 in the Mouse Inner Ear. Development 133, 1277-1286.

Brophy, P. D., Ostrom, L., Lang, K. M. and Dressler, G. R. (2001). Regulation of
Ureteric Bud Outgrowth by Pax2-Dependent Activation of the Glial Derived
Neurotrophic Factor Gene. Development 128, 4747-4756.

Cacalano, G., Farinas, I., Wang, L. C., Hagler, K., Forgie, A., Moore, M.,
Armanini, M., Phillips, H., Ryan, A. M., Reichardt, L. F. et al. (1998). GFRalpha1 is
an Essential Receptor Component for GDNF in the Developing Nervous System and
Kidney. Neuron 21, 53-62.

Carroll, T. J. and McMahon, A. P. (2003).The Kidney (ed. P. D. Vize, A. Woolf and
J. B. Bard), pp. 343-370. Sani Diego, USA: Academic Press.

Carroll, T. J., Park, J. S., Hayashi, S., Majumdar, A. and McMahon, A. P. (2005).
Wnt9b Plays a Central Role in the Regulation of Mesenchymal to Epithelial Transitions
Underlying Organogenesis of the Mammalian Urogenital System. Dev. Cell. 9, 283-
292.



Kidney Induction Refecences

65

Carroll,  T. J.  and Vize,  P. D. (1996). Wilms' Tumor Suppressor Gene is Involved in
the Development of Disparate Kidney Forms: Evidence from Expression in the
Xenopus Pronephros. Dev. Dyn. 206, 131-138.

Carter, M. T., Yome, J. L., Marcil, M. N., Martin, C. A., Vanhorne, J. B. and
Mulligan, L. M. (2001). Conservation of RET Proto-Oncogene Splicing Variants and
Implications for RET Isoform Function. Cytogenet. Cell Genet. 95, 169-176.

Caruana, G., Cullen-McEwen, L., Nelson, A. L., Kostoulias, X., Woods, K.,
Gardiner, B., Davis, M. J., Taylor, D. F., Teasdale, R. D., Grimmond, S. M. et al.
(2006). Spatial Gene Expression in the T-Stage Mouse Metanephros. Gene Expr.
Patterns 6, 807-825.

Chen, W. V. and Soriano, P. (2003). Gene Trap Mutagenesis in Embryonic Stem
Cells. Methods Enzymol. 365, 367-386.

Chen, L. and Al-Awqati, Q. (2005). Segmental Expression of Notch and Hairy Genes
in Nephrogenesis. Am. J. Physiol. Renal Physiol. 288, F939-52.

Cheng, H. T., Kim, M., Valerius, M. T., Surendran, K., Schuster-Gossler, K.,
Gossler,  A.,  McMahon,  A.  P.  and  Kopan,  R. (2007). Notch2, but Not Notch1, is
Required for Proximal Fate Acquisition in the Mammalian Nephron. Development 134,
801-811.

Cheng, H. T., Miner, J. H., Lin, M., Tansey, M. G., Roth, K. and Kopan, R. (2003).
Gamma-Secretase Activity is Dispensable for Mesenchyme-to-Epithelium Transition
but Required for Podocyte and Proximal Tubule Formation in Developing Mouse
Kidney. Development 130, 5031-5042.

Chi, L., Zhang, S., Lin, Y., Prunskaite-Hyyrylainen, R., Vuolteenaho, R., Itaranta,
P. and Vainio, S. (2004). Sprouty Proteins Regulate Ureteric Branching by
Coordinating Reciprocal Epithelial Wnt11, Mesenchymal Gdnf and Stromal Fgf7
Signalling during Kidney Development. Development 131, 3345-3356.

Cho, E. A. and Dressler,  G. R. (2002). Formation and Development of Nephrons. In
The Kidney (ed. P. Vize, A. Woolf and J. Bard), pp. 195: Academic Press.

Clarke, J. C., Patel, S. R., Raymond, R. M.,Jr, Andrew, S., Robinson, B. G.,
Dressler,  G.  R.  and  Brophy,  P.  D. (2006). Regulation of c-Ret in the Developing
Kidney is Responsive to Pax2 Gene Dosage. Hum. Mol. Genet. 15, 3420-3428.

Clevers, H. (2006). Wnt/beta-Catenin Signalling in Development and Disease. Cell
127, 469-480.

Costantini, F. (2006). Renal Branching Morphogenesis: Concepts, Questions, and
Recent Advances. Differentiation 74, 402-421.

Costantini, F. and Shakya, R. (2006). GDNF/Ret Signalling and the Development of
the Kidney. Bioessays 28, 117-127.



Kidney Induction Refecences

66

DasGupta, R., Fuchs, E. (1999) Multiple roles for activated LEF/TCF transcription
complexes during hair follicle development and differentiation. Development. 126,
4557-4568.

Davies, J., Lyon, M., Gallagher, J. and Garrod, D. (1995). Sulphated Proteoglycan is
Required for Collecting Duct Growth and Branching but Not Nephron Formation during
Kidney Development. Development 121, 1507-1517.

Davies, J. A. and Garrod, D. R. (1995). Induction of Early Stages of Kidney Tubule
Differentiation by Lithium Ions. Dev. Biol. 167, 50-60.

Davies, J. A., Ladomery, M., Hohenstein, P., Michael, L., Shafe, A., Spraggon, L.
and  Hastie,  N. (2004). Development of an siRNA-Based Method for Repressing
Specific Genes in Renal Organ Culture and its use to show that the Wt1 Tumour
Suppressor is Required for Nephron Differentiation. Hum. Mol. Genet. 13, 235-246.

Davis, R. J., Shen, W., Heanue, T. A. and Mardon, G. (1999). Mouse Dach, a
Homologue of Drosophila Dachshund, is Expressed in the Developing Retina, Brain
and Limbs. Dev. Genes Evol. 209, 526-536.

Davis, R. J., Pesah, Y. I., Harding, M., Paylor, R. and Mardon, G. (2006). Mouse
Dach2 Mutants do Not Exhibit Gross Defects in Eye Development Or Brain Function.
Genesis 44, 84-92.

de Graaff, E., Srinivas, S., Kilkenny, C., D'Agati, V., Mankoo, B. S., Costantini, F.
and Pachnis, V. (2001). Differential Activities of the RET Tyrosine Kinase Receptor
Isoforms during Mammalian Embryogenesis. Genes Dev. 15, 2433-2444.

de Iongh,  R.  U.,  Abud,  H.  E.  and Hime,  G.  R. (2006). WNT/Frizzled Signalling in
Eye Development and Disease. Front. Biosci. 11, 2442-2464.

Dressler, G. R., Deutsch, U., Chowdhury, K., Nornes, H. O. and Gruss, P. (1990).
Pax2, a New Murine Paired-Box-Containing Gene and its Expression in the Developing
Excretory System. Development 109, 787-795.

Dressler, G.R., Wilkinson, J.E., Rothenpieler, U.W., Patterson, L.T., Williams-
Simons, L., Westphal, H. (1993) Deregulation of Pax-2 expression in transgenic mice
generates severe kidney abnormalities. Nature. 362, :65-67.

Duarte, A., Hirashima, M., Benedito, R., Trindade, A., Diniz, P., Bekman, E.,
Costa, L., Henrique, D. and Rossant, J. (2004). Dosage-Sensitive Requirement for
Mouse Dll4 in Artery Development. Genes Dev. 18, 2474-2478.

Durand, C. and Dzierzak, E. (2005). Embryonic Beginnings of Adult Hematopoietic
Stem Cells. Haematologica 90, 100-108.

Durbec, P., Marcos-Gutierrez, C. V., Kilkenny, C., Grigoriou, M., Wartiowaara,
K., Suvanto, P., Smith, D., Ponder, B., Costantini, F. and Saarma, M. (1996a).
GDNF Signalling through the Ret Receptor Tyrosine Kinase. Nature 381, 789-793.



Kidney Induction Refecences

67

Durbec, P. L., Larsson-Blomberg, L. B., Schuchardt, A., Costantini, F. and
Pachnis, V. (1996b). Common Origin and Developmental Dependence on c-Ret of
Subsets of Enteric and Sympathetic Neuroblasts. Development 122, 349-358.

Dziarmaga, A., Clark, P., Stayner, C., Julien, J. P., Torban, E., Goodyer, P. and
Eccles, M. (2003). Ureteric Bud Apoptosis and Renal Hypoplasia in Transgenic PAX2-
Bax Fetal Mice Mimics the Renal-Coloboma Syndrome. J. Am. Soc. Nephrol. 14, 2767-
2774.

Eccles, M., Bockett, N. and Stayner, C. (2003). Pax2 and Renal-Coloboma Syndrome.
In The Kidney: From Normal Development to Congenital Disease (ed. P. Vize, A.
Woolf and J. Bard), pp. 411-432. San Diego, USA: Academic Press.

Eiraku, M., Tohgo, A., Ono, K., Kaneko, M., Fujishima, K., Hirano, T. and
Kengaku, M. (2005). DNER Acts as a Neuron-Specific Notch Ligand during
Bergmann Glial Development. Nat. Neurosci. 8, 873-880.

Enomoto, H., Araki, T., Jackman, A., Heuckeroth, R. O., Snider, W. D., Johnson,
E. M.,Jr and Milbrandt, J. (1998). GFR alpha1-Deficient Mice have Deficits in the
Enteric Nervous System and Kidneys. Neuron 21, 317-324.

Escary, J. L., Perreau, J., Dumenil, D., Ezine, S. and Brulet, P. (1993). Leukaemia
Inhibitory  Factor  is  Necessary  for  Maintenance  of  Haematopoietic  Stem  Cells  and
Thymocyte Stimulation. Nature 363, 361-364.

Fisher, C. E., Michael, L., Barnett, M. W. and Davies, J. A. (2001). Erk MAP Kinase
Regulates Branching Morphogenesis in the Developing Mouse Kidney. Development
128, 4329-4338.

Fujii, T., Pichel, J. G., Taira, M., Toyama, R., Dawid, I. B. and Westphal, H.
(1994). Expression Patterns of the Murine LIM Class Homeobox Gene lim1 in the
Developing Brain and Excretory System. Dev. Dyn. 199, 73-83.

Gale, N. W., Dominguez, M. G., Noguera, I., Pan, L., Hughes, V., Valenzuela, D.
M., Murphy, A. J., Adams, N. C., Lin, H. C., Holash, J. et al. (2004).
Haploinsufficiency of Delta-Like 4 Ligand Results in Embryonic Lethality due to Major
Defects in Arterial and Vascular Development. Proc. Natl. Acad. Sci. U. S. A. 101,
15949-15954.

Gao, X., Chen, X., Taglienti, M., Rumballe, B., Little, M. H. and Kreidberg, J. A.
(2005). Angioblast-Mesenchyme Induction of Early Kidney Development is Mediated
by Wt1 and Vegfa. Development 132, 5437-5449.

Glinka, A., Wu, W., Delius, H., Monaghan, A. P., Blumenstock, C. and Niehrs, C.
(1998). Dickkopf-1 is a Member of a New Family of Secreted Proteins and Functions in
Head Induction. Nature 391, 357-362.



Kidney Induction Refecences

68

Gould, T. D. and Manji, H. K. (2005). Glycogen Synthase Kinase-3: A Putative
Molecular Target for Lithium Mimetic Drugs. Neuropsychopharmacology 30, 1223-
1237.

Grobstein, C. (1956a). Inductive Tissue Interaction in Development. Adv. Cancer Res.
4, 187-236.

Grobstein, C. (1956b). Trans-Filter Induction of Tubules in Mouse Metanephrogenic
Mesenchyme. Exp. Cell Res. 10, 424-440.

Gross, I., Morrison, D. J., Hyink, D. P., Georgas, K., English, M. A., Mericskay,
M.,  Hosono,  S.,  Sassoon,  D.,  Wilson,  P.  D.,  Little,  M.  et  al. (2003). The Receptor
Tyrosine Kinase Regulator Sprouty1 is a Target of the Tumor Suppressor WT1 and
Important for Kidney Development. J. Biol. Chem. 278, 41420-41430.

Grote, D., Souabni, A., Busslinger, M. and Bouchard, M. (2006). Pax 2/8-Regulated
Gata 3 Expression is Necessary for Morphogenesis and Guidance of the Nephric Duct
in the Developing Kidney. Development 133, 53-61.

Grotewold, L., Plum, M., Dildrop, R., Peters, T. and Ruther, U. (2001). Bambi is
Coexpressed with Bmp-4 during Mouse Embryogenesis. Mech. Dev. 100, 327-330.

Gubler, M. and Jeanpierre, C. (2003). WT1-Associated Disorders. In The Kidney (ed.
P. D. Vize, A. Woolf and J. B. Bard), pp. 395-409. San Diego, USA: Academic Press.

Hadjantonakis, A. K., Pirity, M. and Nagy, A. (1999). Cre Recombinase Mediated
Alterations of the Mouse Genome using Embryonic Stem Cells. Methods Mol. Biol. 97,
101-122.

Hamada, Y., Kadokawa, Y., Okabe, M., Ikawa, M., Coleman, J. R. and Tsujimoto,
Y. (1999). Mutation in Ankyrin Repeats of the Mouse Notch2 Gene Induces Early
Embryonic Lethality. Development 126, 3415-3424.

Hamilton, J. F., Morrison, P. F., Chen, M. Y., Harvey-White, J., Pernaute, R. S.,
Phillips,  H.,  Oldfield,  E.  and  Bankiewicz,  K.  S. (2001). Heparin Coinfusion during
Convection-Enhanced  Delivery  (CED)  Increases  the  Distribution  of  the  Glial-Derived
Neurotrophic Factor (GDNF) Ligand Family in Rat Striatum and Enhances the
Pharmacological Activity of Neurturin. Exp. Neurol. 168, 155-161.

Hans,  S.,  Liu,  D.  and  Westerfield,  M. (2004). Pax8 and Pax2a Function
Synergistically in Otic Specification, Downstream of the Foxi1 and Dlx3b Transcription
Factors. Development 131, 5091-5102.

Harada, N., Tamai, Y., Ishikawa, T., Sauer, B., Takaku, K., Oshima, M. and
Taketo, M. M. (1999). Intestinal Polyposis in Mice with a Dominant Stable Mutation
of the Beta-Catenin Gene. EMBO J. 18, 5931-5942.



Kidney Induction Refecences

69

Hasegawa, S. L., Moriguchi, T., Rao, A., Kuroha, T., Engel, J. D. and Lim, K. C.
(2007). Dosage-Dependent Rescue of Definitive Nephrogenesis by a Distant Gata3
Enhancer. Dev. Biol. 301, 568-577.

Hatini, V., Huh, S. O., Herzlinger, D., Soares, V. C. and Lai, E. (1996). Essential
Role of Stromal Mesenchyme in Kidney Morphogenesis Revealed by Targeted
Disruption of Winged Helix Transcription Factor BF-2. Genes Dev. 10, 1467-1478.

Heller, N. and Brandli, A. W. (1997). Xenopus Pax-2 Displays Multiple Splice Forms
during Embryogenesis and Pronephric Kidney Development. Mech. Dev. 69, 83-104.

Heller, N. and Brandli, A. W. (1999). Xenopus Pax-2/5/8 Orthologues: Novel Insights
into Pax Gene Evolution and Identification of Pax-8 as the Earliest Marker for Otic and
Pronephric Cell Lineages. Dev. Genet. 24, 208-219.

Hellmich, H. L., Kos, L., Cho, E. S., Mahon, K. A. and Zimmer, A. (1996).
Embryonic Expression of Glial Cell-Line Derived Neurotrophic Factor (GDNF)
Suggests Multiple Developmental Roles in Neural Differentiation and Epithelial-
Mesenchymal Interactions. Mech. Dev. 54, 95-105.

Hellstrom, M., Phng, L. K., Hofmann, J. J., Wallgard, E., Coultas, L., Lindblom,
P.,  Alva,  J.,  Nilsson,  A.  K.,  Karlsson,  L.,  Gaiano,  N.  et  al. (2007). Dll4 Signalling
through Notch1 Regulates Formation of Tip Cells during Angiogenesis. Nature.

Hendriks, R. W., Nawijn, M. C., Engel, J. D., van Doorninck, H., Grosveld, F. and
Karis, A. (1999). Expression of the Transcription Factor GATA-3 is Required for the
Development of the Earliest T Cell Progenitors and Correlates with Stages of Cellular
Proliferation in the Thymus. Eur. J. Immunol. 29, 1912-1918.

Hill, T. P., Spater, D., Taketo, M. M., Birchmeier, W. and Hartmann, C. (2005).
Canonical Wnt/beta-Catenin Signalling Prevents Osteoblasts from Differentiating into
Chondrocytes. Dev. Cell. 8, 727-738.

Hill, T. P., Taketo, M. M., Birchmeier, W. and Hartmann, C. (2006). Multiple Roles
of Mesenchymal Beta-Catenin during Murine Limb Patterning. Development 133, 1219-
1229.

Hoang, B., Moos, M.,Jr, Vukicevic, S. and Luyten, F. P. (1996). Primary Structure
and Tissue Distribution of FRZB, a Novel Protein Related to Drosophila Frizzled,
Suggest a Role in Skeletal Morphogenesis. J. Biol. Chem. 271, 26131-26137.

Hohenstein, P. and Hastie, N.D. (2006) The many facets of the Wilms' tumour gene,
WT1. Hum Mol Genet. 15 Spec No 2, 196-201.

Hrabe de Angelis, M., McIntyre, J., and Gossler, A. (1997). Maintenance of Somite
Borders in Mice Requires the Delta Homologue DII1. Nature 386, 717-721.



Kidney Induction Refecences

70

Hsieh, J. C., Kodjabachian, L., Rebbert, M. L., Rattner, A., Smallwood, P. M.,
Samos, C. H., Nusse, R., Dawid, I. B. and Nathans, J. (1999). A New Secreted
Protein that Binds to Wnt Proteins and Inhibits their Activities. Nature 398, 431-436.

Huelsken, J. and Behrens, J. (2002). The Wnt Signalling Pathway. J. Cell. Sci. 115,
3977-3978.

Irvine, K. D. and Vogt, T. F. (1997). Dorsal-Ventral Signalling in Limb Development.
Curr. Opin. Cell Biol. 9, 867-876.

Itaranta, P., Lin, Y., Perasaari, J., Roel, G., Destree, O. and Vainio, S. (2002). Wnt-
6 is Expressed in the Ureter Bud and Induces Kidney Tubule Development in Vitro.
Genesis 32, 259-268.

Itasaki, N., Jones, C. M., Mercurio, S., Rowe, A., Domingos, P. M., Smith, J. C. and
Krumlauf, R. (2003). Wise, a Context-Dependent Activator and Inhibitor of Wnt
Signalling. Development 130, 4295-4305.

Jain, S., Naughton, C. K., Yang, M., Strickland, A., Vij, K., Encinas, M., Golden,
J., Gupta, A., Heuckeroth, R., Johnson, E. M.,Jr et al. (2004). Mice Expressing a
Dominant-Negative Ret Mutation Phenocopy Human Hirschsprung Disease and
Delineate a Direct Role of Ret in Spermatogenesis. Development 131, 5503-5513.

Jain, S., Encinas, M., Johnson, E. M.,Jr and Milbrandt, J. (2006). Critical and
Distinct Roles for Key RET Tyrosine Docking Sites in Renal Development. Genes Dev.
20, 321-333.

James, M.J., Järvinen, E., Wang, X.P., Thesleff, I. (2006) Different roles of Runx2
during early neural crest-derived bone and tooth development. J Bone Miner Res. 21,
1034-1044.

James, R. G., Kamei, C. N., Wang, Q., Jiang, R. and Schultheiss, T. M. (2006).
Odd-Skipped Related 1 is Required for Development of the Metanephric Kidney and
Regulates Formation and Differentiation of Kidney Precursor Cells. Development 133,
2995-3004.

Järvinen E, Salazar-Ciudad I, Birchmeier W, Taketo MM, Jernvall J and Thesleff,
I. (2006). Continuous Tooth Generation in Mouse is Induced by Activated Epithelial
Wnt/b-Catenin Signalling. Proc. Natl. Acad. Sci. U. S. A. In press, In press-In press.

Jho, E., Lomvardas, S. and Costantini, F. (1999). A GSK3beta Phosphorylation Site
in Axin Modulates Interaction with Beta-Catenin and Tcf-Mediated Gene Expression.
Biochem. Biophys. Res. Commun. 266, 28-35.

Jiang, R., Lan, Y., Chapman, H. D., Shawber, C., Norton, C. R., Serreze, D. V.,
Weinmaster,  G.  and Gridley,  T. (1998). Defects in Limb, Craniofacial, and Thymic
Development in Jagged2 Mutant Mice. Genes Dev. 12, 1046-1057.



Kidney Induction Refecences

71

Jing, S., Wen, D., Yu, Y., Holst, P. L., Luo, Y., Fang, M., Tamir, R., Antonio, L.,
Hu, Z., Cupples, R. et al. (1996). GDNF-Induced Activation of the Ret Protein
Tyrosine Kinase is Mediated by GDNFR-Alpha, a Novel Receptor for GDNF. Cell 85,
1113-1124.

Karavanov, A. A., Karavanova, I., Perantoni, A. and Dawid, I. B. (1998).
Expression Pattern of the Rat Lim-1 Homeobox Gene Suggests a Dual Role during
Kidney Development. Int. J. Dev. Biol. 42, 61-66.

Karavanova, I. D., Dove, L. F., Resau, J. H. and Perantoni, A. O. (1996).
Conditioned Medium from a Rat Ureteric Bud Cell Line in Combination with bFGF
Induces Complete Differentiation of Isolated Metanephric Mesenchyme. Development
122, 4159-4167.

Kassai, Y., Munne, P., Hotta, Y., Penttila, E., Kavanagh, K., Ohbayashi, N.,
Takada, S., Thesleff, I., Jernvall, J. and Itoh, N. (2005). Regulation of Mammalian
Tooth Cusp Patterning by Ectodin. Science 309, 2067-2070.

Kiernan, A. E., Ahituv, N., Fuchs, H., Balling, R., Avraham, K. B., Steel, K. P. and
Hrabe de Angelis, M. (2001). The Notch Ligand Jagged1 is Required for Inner Ear
Sensory Development. Proc. Natl. Acad. Sci. U. S. A. 98, 3873-3878.

Kiernan, A. E., Xu, J. and Gridley, T. (2006). The Notch Ligand JAG1 is Required
for Sensory Progenitor Development in the Mammalian Inner Ear. PLoS Genet. 2, e4.

Kispert,  A.,  Vainio,  S.,  Shen,  L.,  Rowitch,  D.  H.  and  McMahon,  A.  P. (1996).
Proteoglycans are Required for Maintenance of Wnt-11 Expression in the Ureter Tips.
Development 122, 3627-3637.

Kispert, A., Vainio, S. and McMahon, A. P. (1998). Wnt-4 is a Mesenchymal Signal
for Epithelial Transformation of Metanephric Mesenchyme in the Developing Kidney.
Development 125, 4225-4234.

Klein,  P.  S.  and  Melton,  D.  A. (1996). A Molecular Mechanism for the Effect of
Lithium on Development. Proc. Natl. Acad. Sci. U. S. A. 93, 8455-8459.

Kobayashi, A., Kwan, K. M., Carroll, T. J., McMahon, A. P., Mendelsohn, C. L.
and Behringer, R. R. (2005). Distinct and Sequential Tissue-Specific Activities of the
LIM-Class Homeobox Gene Lim1 for Tubular Morphogenesis during Kidney
Development. Development 132, 2809-2823.

Kobayashi, H., Kawakami, K., Asashima, M. and Nishinakamra, R. (2007). Six1
and Six4 are Essential for Gdnf Expression in the Metanephric Mesenchyme and
Ureteric Bud Formation, while Six1 Deficiency Alone Causes Mesonephric-Tubule
Defects. Mech. Dev.

Kokaia, Z., Airaksinen, M. S., Nanobashvili, A., Larsson, E., Kujamaki, E.,
Lindvall, O. and Saarma, M. (1999). GDNF Family Ligands and Receptors are
Differentially Regulated After Brain Insults in the Rat. Eur. J. Neurosci. 11, 1202-1216.



Kidney Induction Refecences

72

Krebs, L. T.,  Shutter,  J.  R.,  Tanigaki,  K.,  Honjo, T.,  Stark, K. L. and Gridley, T.
(2004). Haploinsufficient Lethality and Formation of Arteriovenous Malformations in
Notch Pathway Mutants. Genes Dev. 18, 2469-2473.

Kreidberg, J. A., Sariola, H., Loring, J. M., Maeda, M., Pelletier, J., Housman, D.
and Jaenisch, R. (1993). WT-1 is Required for Early Kidney Development. Cell 74,
679-691.

Kress, C., Vogels, R., De Graaff, W., Bonnerot, C., Meijlink, F., Nicolas, J. F. and
Deschamps, J. (1990). Hox-2.3 Upstream Sequences Mediate lacZ Expression in
Intermediate Mesoderm Derivatives of Transgenic Mice. Development 109, 775-786.

Kume, T., Deng, K. and Hogan, B. L. (2000a). Murine forkhead/winged Helix Genes
Foxc1 (Mf1) and Foxc2 (Mfh1) are Required for the Early Organogenesis of the Kidney
and Urinary Tract. Development 127, 1387-1395.

Kume, T., Deng, K., Hogan, B.L. (2000b). Minimal phenotype of mice homozygous
for a null mutation in the forkhead/winged helix gene, Mf2. Mol Cell Biol. 20, 1419-
1425.

Kusu, N., Laurikkala, J., Imanishi, M., Usui, H., Konishi, M., Miyake, A., Thesleff,
I. and Itoh, N. (2003). Sclerostin is a Novel Secreted Osteoclast-Derived Bone
Morphogenetic Protein Antagonist with Unique Ligand Specificity. J. Biol. Chem. 278,
24113-24117.

Kuure, S., Vuolteenaho, R. and Vainio, S. (2000). Kidney Morphogenesis: Cellular
and Molecular Regulation. Mech. Dev. 92, 31-45.

Labastie, M. C., Catala, M., Gregoire, J. M. and Peault, B. (1995). The GATA-3
Gene is Expressed during Human Kidney Embryogenesis. Kidney Int. 47, 1597-1603.

Lang, D., Powell, S. K., Plummer, R. S., Young, K. P. and Ruggeri, B. A. (2007).
PAX Genes: Roles in Development, Pathophysiology, and Cancer. Biochem.
Pharmacol. 73, 1-14.

Laurikkala, J., Kassai, Y., Pakkasjarvi, L., Thesleff, I. and Itoh, N. (2003).
Identification of a Secreted BMP Antagonist, Ectodin, Integrating BMP, FGF, and SHH
Signals from the Tooth Enamel Knot. Dev. Biol. 264, 91-105.

Lee, H. Y., Kleber, M., Hari, L., Brault, V., Suter, U., Taketo, M. M., Kemler, R.
and  Sommer,  L. (2004). Instructive Role of Wnt/beta-Catenin in Sensory Fate
Specification in Neural Crest Stem Cells. Science 303, 1020-1023.

Lehtonen, E. (1976). Tranmission of Signals in Embryonic Induction. Med. Biol. 54,
108-128.

Lei, Q., Jeong, Y., Misra, K., Li, S., Zelman, A. K., Epstein, D. J. and Matise, M. P.
(2006). Wnt Signalling Inhibitors Regulate the Transcriptional Response to
Morphogenetic Shh-Gli Signalling in the Neural Tube. Dev. Cell. 11, 325-337.



Kidney Induction Refecences

73

Leimeister, C., Schumacher, N., Steidl, C. and Gessler, M. (2000). Analysis of HeyL
Expression in Wild-Type and Notch Pathway Mutant Mouse Embryos. Mech. Dev. 98,
175-178.

Leimeister, C., Schumacher, N. and Gessler, M. (2003). Expression of Notch
Pathway Genes in the Embryonic Mouse Metanephros Suggests a Role in Proximal
Tubule Development. Gene Expr. Patterns 3, 595-598.

Lescher, B., Haenig, B. and Kispert, A. (1998). SFRP-2 is a Target of the Wnt-4
Signalling Pathway in the Developing Metanephric Kidney. Dev. Dyn. 213, 440-451.

Lewis, J. (1998). Notch Signalling and the Control of Cell Fate Choices in Vertebrates.
Semin. Cell Dev. Biol. 9, 583-589.

Li, L., Krantz, I. D., Deng, Y., Genin, A., Banta, A. B., Collins, C. C., Qi, M.,
Trask, B. J., Kuo, W. L., Cochran, J. et al. (1997). Alagille Syndrome is Caused by
Mutations in Human Jagged1, which Encodes a Ligand for Notch1. Nat. Genet. 16,
243-251.

Li, X., Oghi, K. A., Zhang, J., Krones, A., Bush, K. T., Glass, C. K., Nigam, S. K.,
Aggarwal, A. K., Maas, R., Rose, D. W. et al. (2003). Eya Protein Phosphatase
Activity Regulates Six1-Dach-Eya Transcriptional Effects in Mammalian
Organogenesis. Nature 426, 247-254.

Li, X., Zhang, Y., Kang, H., Liu, W., Liu, P., Zhang, J., Harris, S. E. and Wu, D.
(2005). Sclerostin Binds to LRP5/6 and Antagonizes Canonical Wnt Signalling. J. Biol.
Chem. 280, 19883-19887.

Lim, K. C., Lakshmanan, G., Crawford, S. E., Gu, Y., Grosveld, F. and Engel, J.
D. (2000). Gata3 Loss Leads to Embryonic Lethality due to Noradrenaline Deficiency
of the Sympathetic Nervous System. Nat. Genet. 25, 209-212.

Lin, J. H., Saito, T., Anderson, D. J., Lance-Jones, C., Jessell, T. M. and Arber, S.
(1998). Functionally Related Motor Neuron Pool and Muscle Sensory Afferent
Subtypes Defined by Coordinate ETS Gene Expression. Cell 95, 393-407.

Lin, L. F., Doherty, D. H., Lile, J. D., Bektesh, S. and Collins, F. (1993). GDNF: A
Glial Cell Line-Derived Neurotrophic Factor for Midbrain Dopaminergic Neurons.
Science 260, 1130-1132.

Lin, X. (2004). Functions of Heparan Sulfate Proteoglycans in Cell Signalling during
Development. Development 131, 6009-6021.

Lin, Y., Zhang, S., Rehn, M., Itaranta, P., Tuukkanen, J., Heljasvaara, R.,
Peltoketo, H., Pihlajaniemi, T. and Vainio, S. (2001). Induced Repatterning of Type
XVIII Collagen Expression in Ureter Bud from Kidney to Lung Type: Association with
Sonic Hedgehog and Ectopic Surfactant Protein C. Development 128, 1573-1585.



Kidney Induction Refecences

74

Lindsell,  C.  E.,  Shawber,  C.  J.,  Boulter,  J.  and Weinmaster,  G. (1995). Jagged: A
Mammalian Ligand that Activates Notch1. Cell 80, 909-917.

Lobov, I. B., Rao, S., Carroll, T. J., Vallance, J. E., Ito, M., Ondr, J. K., Kurup, S.,
Glass, D. A., Patel, M. S., Shu, W. et al. (2005). WNT7b Mediates Macrophage-
Induced Programmed Cell Death in Patterning of the Vasculature. Nature 437, 417-421.

Logan, C. Y. and Nusse, R. (2004). The Wnt Signalling Pathway in Development and
Disease. Annu. Rev. Cell Dev. Biol. 20, 781-810.

Louvi, A. and Artavanis-Tsakonas, S. (2006). Notch Signalling in Vertebrate Neural
Development. Nat. Rev. Neurosci. 7, 93-102.

Lowry, W. E., Blanpain, C., Nowak, J. A., Guasch, G., Lewis, L. and Fuchs, E.
(2005). Defining the Impact of Beta-catenin/Tcf Transactivation on Epithelial Stem
Cells. Genes Dev. 19, 1596-1611.

Lu, W., Yamamoto, V., Ortega, B. and Baltimore, D. (2004). Mammalian Ryk is a
Wnt Coreceptor Required for Stimulation of Neurite Outgrowth. Cell 119, 97-108.

Lyons, J. P., Mueller, U. W., Ji, H., Everett, C., Fang, X., Hsieh, J. C., Barth, A. M.
and McCrea, P. D. (2004). Wnt-4 Activates the Canonical Beta-Catenin-Mediated Wnt
Pathway and Binds Frizzled-6 CRD: Functional Implications of Wnt/beta-Catenin
Activity in Kidney Epithelial Cells. Exp. Cell Res. 298, 369-387.

Machold,  R.  P.,  Jones  Kittell,  D.  and  Fishell,  G.  J. (2007). Antagonism between
Notch and Bone Morphogenetic Protein Receptor Signalling Regulates Neurogenesis in
the Cerebellar Rhombic Lip. Neural Develop 2, 5.

Mackereth, M. D., Kwak, S. J., Fritz, A. and Riley, B. B. (2005). Zebrafish pax8 is
Required for Otic Placode Induction and Plays a Redundant Role with Pax2 Genes in
the Maintenance of the Otic Placode. Development 132, 371-382.

Majumdar, A., Vainio, S., Kispert, A., McMahon, J. and McMahon, A. P. (2003).
Wnt11 and Ret/Gdnf Pathways Cooperate in Regulating Ureteric Branching during
Metanephric Kidney Development. Development 130, 3175-3185.

Mansouri, A., Chowdhury, K. and Gruss, P. (1998).  Follicular Cells of the Thyroid
Gland Require Pax8 Gene Function. Nat. Genet. 19, 87-90.

Mao,  B.,  Wu,  W.,  Davidson,  G.,  Marhold,  J.,  Li,  M.,  Mechler,  B.  M.,  Delius,  H.,
Hoppe, D., Stannek, P., Walter, C. et al. (2002). Kremen Proteins are Dickkopf
Receptors that Regulate Wnt/beta-Catenin Signalling. Nature 417, 664-667.

Maretto, S., Cordenonsi, M., Dupont, S., Braghetta, P., Broccoli, V., Hassan, A. B.,
Volpin, D., Bressan, G. M. and Piccolo, S. (2003). Mapping Wnt/beta-Catenin
Signalling during Mouse Development and in Colorectal Tumors. Proc. Natl. Acad. Sci.
U. S. A. 100, 3299-3304.



Kidney Induction Refecences

75

Martinez Arias, A., Zecchini, V. and Brennan, K. (2002). CSL-Independent Notch
Signalling: A Checkpoint in Cell Fate Decisions during Development? Curr. Opin.
Genet. Dev. 12, 524-533.

McCright, B., Gao, X., Shen, L., Lozier, J., Lan, Y., Maguire, M., Herzlinger, D.,
Weinmaster, G., Jiang, R. and Gridley, T. (2001). Defects in Development of the
Kidney, Heart and Eye Vasculature in Mice Homozygous for a Hypomorphic Notch2
Mutation. Development 128, 491-502.

McCright, B., Lozier, J. and Gridley, T. (2002). A Mouse Model of Alagille
Syndrome: Notch2 as a Genetic Modifier of Jag1 Haploinsufficiency. Development 129,
1075-1082.

Medvinsky,  A.  and  Dzierzak,  E. (1996). Definitive Hematopoiesis is Autonomously
Initiated by the AGM Region. Cell 86, 897-906.

Meijer, L., Skaltsounis, A. L., Magiatis, P., Polychronopoulos, P., Knockaert, M.,
Leost, M., Ryan, X. P., Vonica, C. A., Brivanlou, A., Dajani, R. et al. (2003). GSK-
3-Selective Inhibitors Derived from Tyrian Purple Indirubins. Chem. Biol. 10, 1255-
1266.

Mendelsohn, C., Batourina, E., Fung, S., Gilbert, T. and Dodd, J. (1999). Stromal
Cells Mediate Retinoid-Dependent Functions Essential for Renal Development.
Development 126, 1139-1148.

Meng, X., Lindahl, M., Hyvonen, M. E., Parvinen, M., de Rooij, D. G., Hess, M.
W., Raatikainen-Ahokas, A., Sainio, K., Rauvala, H., Lakso, M. et al. (2000).
Regulation of Cell Fate Decision of Undifferentiated Spermatogonia by GDNF. Science
287, 1489-1493.

Michael,  L.  and  Davies,  J.  A. (2004). Pattern and Regulation of Cell Proliferation
during Murine Ureteric Bud Development. J. Anat. 204, 241-255.

Michael, L., Sweeney, D. E. and Davies, J. A. (2007). The Lectin Dolichos Biflorus
Agglutinin is a Sensitive Indicator of Branching Morphogenetic Activity in the
Developing Mouse Metanephric Collecting Duct System. J. Anat. 210, 89-97.

Michos, O., Panman, L., Vintersten, K., Beier, K., Zeller, R. and Zuniga, A. (2004).
Gremlin-Mediated BMP Antagonism Induces the Epithelial-Mesenchymal Feedback
Signalling Controlling Metanephric Kidney and Limb Organogenesis. Development
131, 3401-3410.

Mitsiadis, T. A., Henrique, D., Thesleff, I. and Lendahl, U. (1997). Mouse Serrate-1
(Jagged-1): Expression in the Developing Tooth is Regulated by Epithelial-
Mesenchymal Interactions and Fibroblast Growth Factor-4. Development 124, 1473-
1483.



Kidney Induction Refecences

76

Miyazaki, Y., Oshima, K., Fogo, A., Hogan, B. L. and Ichikawa, I. (2000). Bone
Morphogenetic Protein 4 Regulates the Budding Site and Elongation of the Mouse
Ureter. J. Clin. Invest. 105, 863-873.

Moore, M. W., Klein, R. D., Farinas, I., Sauer, H., Armanini, M., Phillips, H.,
Reichardt, L. F., Ryan, A. M., Carver-Moore, K. and Rosenthal, A. (1996). Renal
and Neuronal Abnormalities in Mice Lacking GDNF. Nature 382, 76-79.

Moore, A. W., McInnes, L., Kreidberg, J., Hastie, N. D. and Schedl, A. (1999).
YAC Complementation shows a Requirement for Wt1 in the Development of
Epicardium, Adrenal Gland and Throughout Nephrogenesis. Development 126, 1845-
1857.

Moriyama, A., Kii, I., Sunabori, T., Kurihara, S., Takayama, I., Shimazaki, M.,
Tanabe, H., Oginuma, M., Fukayama, M., Matsuzaki, Y. et al. (2007). GFP
Transgenic Mice Reveal Active Canonical Wnt Signal in Neonatal Brain and in Adult
Liver and Spleen. Genesis 45, 90-100.

Myers, S. M., Eng, C., Ponder, B. A. and Mulligan, L. M. (1995). Characterization of
RET Proto-Oncogene 3' Splicing Variants and Polyadenylation Sites: A Novel C-
Terminus for RET. Oncogene 11, 2039-2045.

Nagy, A. (2000). Cre Recombinase: The Universal Reagent for Genome Tailoring.
Genesis 26, 99-109.

Naito, A. T., Shiojima, I., Akazawa, H., Hidaka, K., Morisaki, T., Kikuchi, A. and
Komuro, I. (2006). Developmental Stage-Specific Biphasic Roles of Wnt/beta-Catenin
Signalling in Cardiomyogenesis and Hematopoiesis. Proc. Natl. Acad. Sci. U. S. A. 103,
19812-19817.

Nam,  J.  S.,  Turcotte,  T.  J.,  Smith,  P.  F.,  Choi,  S.  and  Yoon,  J.  K. (2006). Mouse
cristin/R-Spondin Family Proteins are Novel Ligands for the Frizzled 8 and LRP6
Receptors and Activate Beta-Catenin-Dependent Gene Expression. J. Biol. Chem. 281,
13247-13257.

Narlis, M., Grote, D., Gaitan, Y., Boualia, S. K. and Bouchard, M. (2007). Pax2 and
Pax8 Regulate Branching Morphogenesis and Nephron Differentiation in the
Developing Kidney. J. Am. Soc. Nephrol.

Natarajan,  D.,  Marcos-Gutierrez,  C.,  Pachnis,  V.  and  de  Graaff,  E. (2002).
Requirement of Signalling by Receptor Tyrosine Kinase RET for the Directed
Migration of Enteric Nervous System Progenitor Cells during Mammalian
Embryogenesis. Development 129, 5151-5160.

Nichols, J., Davidson, D., Taga, T., Yoshida, K., Chambers, I. and Smith, A. (1996).
Complementary Tissue-Specific Expression of LIF and LIF-Receptor mRNAs in Early
Mouse Embryogenesis. Mech. Dev. 57, 123-131.



Kidney Induction Refecences

77

Nishinakamura, R., Matsumoto, Y., Nakao, K., Nakamura, K., Sato, A., Copeland,
N. G., Gilbert, D. J., Jenkins, N. A., Scully, S., Lacey, D. L. et al. (2001). Murine
Homolog of SALL1 is Essential for Ureteric Bud Invasion in Kidney Development.
Development 128, 3105-3115.

Nishinakamura, R. and Osafune, K. (2006). Essential Roles of Sall Family Genes in
Kidney Development. J. Physiol. Sci. 56, 131-136.

Nobta, M., Tsukazaki, T., Shibata, Y., Xin, C., Moriishi, T., Sakano, S., Shindo, H.
and Yamaguchi, A. (2005). Critical Regulation of Bone Morphogenetic Protein-
Induced Osteoblastic Differentiation by Delta1/Jagged1-Activated Notch1 Signalling. J.
Biol. Chem. 280, 15842-15848.

Nusslein-Volhard, C. and Wieschaus, E. (1980). Mutations Affecting Segment
Number and Polarity in Drosophila. Nature 287, 795-801.

Ohtsuka, T., Imayoshi, I., Shimojo, H., Nishi, E., Kageyama, R. and McConnell, S.
K. (2006).  Visualization  of  Embryonic  Neural  Stem  Cells  using  Hes  Promoters  in
Transgenic Mice. Mol. Cell. Neurosci. 31, 109-122.

Oloumi, A., Syam, S. and Dedhar, S. (2006). Modulation of Wnt3a-Mediated Nuclear
Beta-Catenin Accumulation and Activation by Integrin-Linked Kinase in Mammalian
Cells. Oncogene 25, 7747-7757.

Ong, C. T., Cheng, H. T., Chang, L. W., Ohtsuka, T., Kageyama, R., Stormo, G. D.
and Kopan, R. (2006). Target Selectivity of Vertebrate Notch Proteins. Collaboration
between Discrete Domains and CSL-Binding Site Architecture Determines Activation
Probability. J. Biol. Chem. 281, 5106-5119.

Onichtchouk, D., Chen, Y. G., Dosch, R., Gawantka, V., Delius, H., Massague, J.
and Niehrs, C. (1999). Silencing of TGF-Beta Signalling by the Pseudoreceptor
BAMBI. Nature 401, 480-485.

Osafune, K., Takasato, M., Kispert, A., Asashima, M. and Nishinakamura, R.
(2006). Identification of Multipotent Progenitors in the Embryonic Mouse Kidney by a
Novel Colony-Forming Assay. Development 133, 151-161.

Ott, T., Parrish, M., Bond, K., Schwaeger-Nickolenko, A. and Monaghan, A. P.
(2001). A New Member of the Spalt Like Zinc Finger Protein Family, Msal-3, is
Expressed in the CNS and Sites of epithelial/mesenchymal Interaction. Mech. Dev. 101,
203-207.

Pachnis, V., Mankoo, B. and Costantini, F. (1993). Expression of the c-Ret Proto-
Oncogene during Mouse Embryogenesis. Development 119, 1005-1017.

Parr, B.A. and McMahon, A.P. (1995) Dorsalizing signal Wnt-7a required for normal
polarity of D-V and A-P axes of mouse limb. Nature 374, 350–353.



Kidney Induction Refecences

78

Patel, S., Doble, B. and Woodgett, J. R. (2004). Glycogen Synthase Kinase-3 in
Insulin and Wnt Signalling: A Double-Edged Sword? Biochem. Soc. Trans. 32, 803-
808.

Patterson, L. T., Pembaur, M. and Potter, S. S. (2001). Hoxa11 and Hoxd11
Regulate Branching Morphogenesis of the Ureteric Bud in the Developing Kidney.
Development 128, 2153-2161.

Patterson,  L.  T.  and  Potter,  S.  S. (2003). Hox Genes and Kidney Patterning. Curr.
Opin. Nephrol. Hypertens. 12, 19-23.

Patterson,  L.  T.  and  Potter,  S.  S. (2004). Atlas of Hox Gene Expression in the
Developing Kidney. Dev. Dyn. 229, 771-779.

Pedersen, A., Skjong, C. and Shawlot, W. (2005). Lim 1 is Required for Nephric Duct
Extension and Ureteric Bud Morphogenesis. Dev. Biol. 288, 571-581.

Pelletier, J., Schalling, M., Buckler, A. J., Rogers, A., Haber, D. A. and Housman,
D. (1991). Expression of the Wilms' Tumor Gene WT1 in the Murine Urogenital
System. Genes Dev. 5, 1345-1356.

Pelton, R. W., Dickinson, M. E., Moses, H. L. and Hogan, B. L. (1990). In Situ
Hybridization  Analysis  of  TGF  Beta  3  RNA  Expression  during  Mouse  Development:
Comparative Studies with TGF Beta 1 and Beta 2. Development 110, 609-620.

Pelton, R. W., Saxena, B., Jones, M., Moses, H. L. and Gold, L. I. (1991).
Immunohistochemical Localisation of TGF Beta 1, TGF Beta 2, and TGF Beta 3 in the
Mouse Embryo: Expression Patterns Suggest Multiple Roles during Embryonic
Development. J. Cell Biol. 115, 1091-1105.

Pepicelli, C. V., Kispert, A., Rowitch, D. H. and McMahon, A. P. (1997). GDNF
Induces Branching and Increased Cell Proliferation in the Ureter of the Mouse. Dev.
Biol. 192, 193-198.

Perantoni, A. O., Dove, L. F. and Karavanova, I. (1995). Basic Fibroblast Growth
Factor can Mediate the Early Inductive Events in Renal Development. Proc. Natl. Acad.
Sci. U. S. A. 92, 4696-4700.

Pichel, J. G., Shen, L., Sheng, H. Z., Granholm, A. C., Drago, J., Grinberg, A., Lee,
E. J., Huang, S. P., Saarma, M., Hoffer, B. J. et al. (1996). Defects in Enteric
Innervation and Kidney Development in Mice Lacking GDNF. Nature 382, 73-76.

Pinson, K. I., Brennan, J., Monkley, S., Avery, B. J. and Skarnes, W. C. (2000). An
LDL-Receptor-Related Protein Mediates Wnt Signalling in Mice. Nature 407, 535-538.

Piscione, T. D., Wu, M. Y. and Quaggin, S. E. (2004). Expression of Hairy/Enhancer
of Split Genes, Hes1 and Hes5, during Murine Nephron Morphogenesis. Gene Expr.
Patterns 4, 707-711.



Kidney Induction Refecences

79

Plachov, D., Chowdhury, K., Walther, C., Simon, D., Guenet, J. L. and Gruss, P.
(1990). Pax8, a Murine Paired Box Gene Expressed in the Developing Excretory
System and Thyroid Gland. Development 110, 643-651.

Plisov, S. Y., Yoshino, K., Dove, L. F., Higinbotham, K. G., Rubin, J. S. and
Perantoni,  A.  O. (2001). TGF Beta 2, LIF and FGF2 Cooperate to Induce
Nephrogenesis. Development 128, 1045-1057.

Plisov, S., Tsang, M., Shi, G., Boyle, S., Yoshino, K., Dunwoodie, S. L., Dawid, I.
B.,  Shioda,  T.,  Perantoni,  A.  O.  and  de  Caestecker,  M.  P. (2005). Cited1 is a
Bifunctional Transcriptional Cofactor that Regulates Early Nephronic Patterning. J. Am.
Soc. Nephrol. 16, 1632-1644.

Popsueva, A., Poteryaev, D., Arighi, E., Meng, X., Angers-Loustau, A., Kaplan, D.,
Saarma, M. and Sariola, H. (2003). GDNF Promotes Tubulogenesis of GFRalpha1-
Expressing MDCK Cells by Src-Mediated Phosphorylation of Met Receptor Tyrosine
Kinase. J. Cell Biol. 161, 119-129.

Poteryaev, D., Titievsky, A., Sun, Y. F., Thomas-Crusells, J., Lindahl, M., Billaud,
M., Arumae, U. and Saarma, M. (1999). GDNF Triggers a Novel Ret-Independent
Src Kinase Family-Coupled Signalling Via a GPI-Linked GDNF Receptor alpha1.
FEBS Lett. 463, 63-66.

Raatikainen-Ahokas, A., Hytonen, M., Tenhunen, A., Sainio, K. and Sariola, H.
(2000). BMP-4 Affects the Differentiation of Metanephric Mesenchyme and Reveals an
Early Anterior-Posterior Axis of the Embryonic Kidney. Dev. Dyn. 217, 146-158.

Rijsewijk, F., Schuermann, M., Wagenaar, E., Parren, P., Weigel, D. and Nusse, R.
(1987). The Drosophila Homolog of the Mouse Mammary Oncogene Int-1 is Identical
to the Segment Polarity Gene Wingless. Cell 50, 649-657.

Riley,  B.  B.  and  Phillips,  B.  T. (2003).  Ringing  in  the  New  Ear:  Resolution  of  Cell
Interactions in Otic Development. Dev. Biol. 261, 289-312.

Ruf, R. G., Xu, P. X., Silvius, D., Otto, E. A., Beekmann, F., Muerb, U. T., Kumar,
S., Neuhaus, T. J., Kemper, M. J., Raymond, R. M.,Jr et al. (2004). SIX1 Mutations
Cause Branchio-Oto-Renal Syndrome by Disruption of EYA1-SIX1-DNA Complexes.
Proc. Natl. Acad. Sci. U. S. A. 101, 8090-8095.

Rusconi, J. C. and Corbin, V. (1998). Evidence for a Novel Notch Pathway Required
for Muscle Precursor Selection in Drosophila. Mech. Dev. 79, 39-50.

Saadi-Kheddouci, S., Berrebi, D., Romagnolo, B., Cluzeaud, F., Peuchmaur, M.,
Kahn, A., Vandewalle, A., and Perret, C. (2001). Early development of polycystic
kidney disease in transgenic mice expressing an activated mutant of the beta-catenin
gene. Oncogene 42, 5972-5981.

Sainio, K., Suvanto, P., Davies, J., Wartiovaara, J., Wartiovaara, K., Saarma, M.,
Arumae, U., Meng, X., Lindahl, M., Pachnis, V. et al. (1997). Glial-Cell-Line-



Kidney Induction Refecences

80

Derived Neurotrophic Factor is Required for Bud Initiation from Ureteric Epithelium.
Development 124, 4077-4087.

Sakaki-Yumoto, M., Kobayashi, C., Sato, A., Fujimura, S., Matsumoto, Y.,
Takasato, M., Kodama, T., Aburatani, H., Asashima, M., Yoshida, N. et al. (2006).
The Murine Homolog of SALL4, a Causative Gene in Okihiro Syndrome, is Essential
for Embryonic Stem Cell Proliferation, and Cooperates with Sall1 in Anorectal, Heart,
Brain and Kidney Development. Development 133, 3005-3013.

Sanchez, M. P., Silos-Santiago, I., Frisen, J., He, B., Lira, S. A. and Barbacid, M.
(1996). Renal Agenesis and the Absence of Enteric Neurons in Mice Lacking GDNF.
Nature 382, 70-73.

Sanford, L. P., Ormsby, I., Gittenberger-de Groot, A. C., Sariola, H., Friedman,
R., Boivin, G. P., Cardell, E. L. and Doetschman, T. (1997). TGFbeta2 Knockout
Mice have Multiple Developmental Defects that are Non-Overlapping with Other
TGFbeta Knockout Phenotypes. Development 124, 2659-2670.

Sariola, H., Holm, K. and Henke-Fahle, S. (1988). Early Innervation of the
Metanephric Kidney. Development 104, 589-599.

Sariola, H. and Sainio, K. (1997). The Tip-Top Branching Ureter. Curr.  Opin.  Cell
Biol. 9, 877-884.

Sariola, H. (2002). Nephron Induction Revisited: From Caps to Condensates. Curr.
Opin. Nephrol. Hypertens. 11, 17-21.

Sariola, H. and Saarma, M. (2003). Novel Functions and Signalling Pathways for
GDNF. J. Cell. Sci. 116, 3855-3862.

Sato, A., Matsumoto, Y., Koide, U., Kataoka, Y., Yoshida, N., Yokota, T.,
Asashima, M. and Nishinakamura, R. (2003). Zinc Finger Protein sall2 is Not
Essential for Embryonic and Kidney Development. Mol. Cell. Biol. 23, 62-69.

Saulnier, D. M., Ghanbari, H. and Brandli, A. W. (2002). Essential Function of Wnt-
4 for Tubulogenesis in the Xenopus Pronephric Kidney. Dev. Biol. 248, 13-28.

Saxen, L. (1970). Failure to Demonstrate Tubule Induction in a Heterologous
Mesenchyme. Dev. Biol. 23, 511-523.

Saxen, L. and Lehtonen, E. (1978). Transfilter Induction of Kidney Tubules as a
Function of the Extent and Duration of Intercellular Contacts. J. Embryol. Exp.
Morphol. 47, 97-109.

Saxén, L. (1987). Organogenesis of the Kidney, pp. 173-no. Cambridge, Great Britan:
Cambridge University Press.

Saxen, L. and Lehtonen, E. (1987). Embryonic Kidney in Organ Culture.
Differentiation 36, 2-11.



Kidney Induction Refecences

81

Saxen, L., Lehtonen, E., Karkinen-Jaaskelainen, M., Nordling, S. and
Wartiovaara, J. (1976). Are Morphogenetic Tissue Interactions Mediated by
Transmissible Signal Substances Or through Cell Contacts? Nature 259, 662-663.

Schmidt, C. and Patel, K. (2005).  Wnts  and  the  Neural  Crest. Anat. Embryol. (Berl)
209, 349-355.

Schmidt-Ott, K. M., Yang, J., Chen, X., Wang, H., Paragas, N., Mori, K., Li, J. Y.,
Lu, B., Costantini, F., Schiffer, M. et al. (2005). Novel Regulators of Kidney
Development from the Tips of the Ureteric Bud. J. Am. Soc. Nephrol. 16, 1993-2002.

Schuchardt, A., D'Agati, V., Larsson-Blomberg, L., Costantini, F. and Pachnis, V.
(1994). Defects in the Kidney and Enteric Nervous System of Mice Lacking the
Tyrosine Kinase Receptor Ret. Nature 367, 380-383.

Schuchardt, A., D'Agati, V., Pachnis, V. and Costantini, F. (1996). Renal Agenesis
and Hypodysplasia in Ret-k- Mutant Mice Result from Defects in Ureteric Bud
Development. Development 122, 1919-1929.

Schulte, G., Bryja, V., Rawal, N., Castelo-Branco, G., Sousa, K. M. and Arenas, E.
(2005). Purified Wnt-5a Increases Differentiation of Midbrain Dopaminergic Cells and
Dishevelled Phosphorylation. J. Neurochem. 92, 1550-1553.

Self, M., Lagutin, O. V., Bowling, B., Hendrix, J., Cai, Y., Dressler, G. R. and
Oliver, G. (2006). Six2 is Required for Suppression of Nephrogenesis and Progenitor
Renewal in the Developing Kidney. EMBO J.

Semenov, M., Tamai, K. and He, X. (2005). SOST is a Ligand for LRP5/LRP6 and a
Wnt Signalling Inhibitor. J. Biol. Chem. 280, 26770-26775.

Seufert, D. W., Brennan, H. C., DeGuire, J., Jones, E. A. and Vize, P. D. (1999).
Developmental Basis of Pronephric Defects in Xenopus Body Plan Phenotypes. Dev.
Biol. 215, 233-242.

Shakya, R., Jho, E. H., Kotka, P., Wu, Z., Kholodilov, N., Burke, R., D'Agati, V.
and Costantini, F. (2005a).  The  Role  of  GDNF  in  Patterning  the  Excretory  System.
Dev. Biol. 283, 70-84.

Shakya, R., Watanabe, T. and Costantini, F. (2005b).  The  Role  of  GDNF/Ret
Signalling in Ureteric Bud Cell Fate and Branching Morphogenesis. Dev. Cell. 8, 65-74.

Sharma, M., Fopma, A., Brantley, J. G. and Vanden Heuvel, G. B. (2004).
Coexpression of Cux-1 and Notch Signalling Pathway Components during Kidney
Development. Dev. Dyn. 231, 828-838.

Sharma, R. P. and Chopra, V. L. (1976). Effect of the Wingless (wg1) Mutation on
Wing and Haltere Development in Drosophila Melanogaster. Dev. Biol. 48, 461-465.



Kidney Induction Refecences

82

Shawber, C., Nofziger, D., Hsieh, J. J., Lindsell, C., Bogler, O., Hayward, D. and
Weinmaster, G. (1996). Notch Signalling Inhibits Muscle Cell Differentiation through
a CBF1-Independent Pathway. Development 122, 3765-3773.

Shawlot, W. and Behringer, R. R. (1995). Requirement for Lim1 in Head-Organizer
Function. Nature 374, 425-430.

Siegfried, E. and Perrimon, N. (1994). Drosophila Wingless: A Paradigm for the
Function and Mechanism of Wnt Signalling. Bioessays 16, 395-404.

Skeath, J. B. and Thor, S. (2003). Genetic Control of Drosophila Nerve Cord
Development. Curr. Opin. Neurobiol. 13, 8-15.

So,  P.  L.  and  Danielian,  P.  S. (1999). Cloning and Expression Analysis of a Mouse
Gene Related to Drosophila Odd-Skipped. Mech. Dev. 84, 157-160.

Soriano, P. (1995). Gene Targeting in ES Cells. Annu. Rev. Neurosci. 18, 1-18.

Soriano, P. (1999). Generalized lacZ Expression with the ROSA26 Cre Reporter Strain.
Nat. Genet. 21, 70-71.

Souilhol, C., Cormier, S., Monet, M., Vandormael-Pournin, S., Joutel, A., Babinet,
C. and Cohen-Tannoudji, M. (2006). Nas Transgenic Mouse Line Allows
Visualization of Notch Pathway Activity in Vivo. Genesis 44, 277-286.

Spinner, N. B., Colliton, R. P., Crosnier, C., Krantz, I. D., Hadchouel, M. and
Meunier-Rotival, M. (2001). Jagged1 Mutations in Alagille Syndrome. Hum. Mutat.
17, 18-33.

Srinivas, S., Goldberg, M. R., Watanabe, T., D'Agati, V., al-Awqati, Q. and
Costantini, F. (1999a). Expression of Green Fluorescent Protein in the Ureteric Bud of
Transgenic Mice: A New Tool for the Analysis of Ureteric Bud Morphogenesis. Dev.
Genet. 24, 241-251.

Srinivas, S., Wu, Z., Chen, C. M., D'Agati, V. and Costantini, F. (1999b). Dominant
Effects of RET Receptor Misexpression and Ligand-Independent RET Signalling on
Ureteric Bud Development. Development 126, 1375-1386.

Stambolic, V., Ruel, L. and Woodgett, J. R. (1996). Lithium Inhibits Glycogen
Synthase Kinase-3 Activity and Mimics Wingless Signalling in Intact Cells. Curr. Biol.
6, 1664-1668.

Stark, K., Vainio, S., Vassileva, G. and McMahon, A. P. (1994). Epithelial
Transformation of Metanephric Mesenchyme in the Developing Kidney Regulated by
Wnt-4. Nature 372, 679-683.

Stewart, C. L., Kaspar, P., Brunet, L. J., Bhatt, H., Gadi, I., Kontgen, F. and
Abbondanzo, S. J. (1992). Blastocyst Implantation Depends on Maternal Expression of
Leukaemia Inhibitory Factor. Nature 359, 76-79.



Kidney Induction Refecences

83

Surendran, K., Schiavi, S. and Hruska, K. A. (2005). Wnt-Dependent Beta-Catenin
Signalling is Activated After Unilateral Ureteral Obstruction, and Recombinant
Secreted Frizzled-Related Protein 4 Alters the Progression of Renal Fibrosis. J.  Am.
Soc. Nephrol. 16, 2373-2384.

Suvanto, P., Hiltunen, J. O., Arumae, U., Moshnyakov, M., Sariola, H., Sainio, K.
and Saarma, M. (1996). Localisation of Glial Cell Line-Derived Neurotrophic Factor
(GDNF) mRNA in Embryonic Rat by in Situ Hybridization. Eur. J. Neurosci. 8, 816-
822.

Suvanto, P., Wartiovaara, K., Lindahl, M., Arumae, U., Moshnyakov, M., Horelli-
Kuitunen,  N.,  Airaksinen,  M.  S.,  Palotie,  A.,  Sariola,  H.  and  Saarma,  M. (1997).
Cloning, mRNA Distribution and Chromosomal Localisation of the Gene for Glial Cell
Line-Derived Neurotrophic Factor Receptor Beta, a Homologue to GDNFR-Alpha.
Hum. Mol. Genet. 6, 1267-1273.

Tahira, T., Ishizaka, Y., Itoh, F., Sugimura, T. and Nagao, M. (1990).
Characterization of Ret Proto-Oncogene mRNAs Encoding Two Isoforms of the Protein
Product in a Human Neuroblastoma Cell Line. Oncogene 5, 97-102.

Takeichi, M. (1995). Morphogenetic Roles of Classic Cadherins. Curr. Opin. Cell Biol.
7, 619-627.

Tamai, K., Semenov, M., Kato, Y., Spokony, R., Liu, C., Katsuyama, Y., Hess, F.,
Saint-Jeannet, J. P. and He, X. (2000). LDL-Receptor-Related Proteins in Wnt Signal
Transduction. Nature 407, 530-535.

Tang, M. J., Cai, Y., Tsai, S. J., Wang, Y. K. and Dressler, G. R. (2002). Ureteric
Bud Outgrowth in Response to RET Activation is Mediated by Phosphatidylinositol 3-
Kinase. Dev. Biol. 243, 128-136.

Ting,  C.  N.,  Olson,  M.  C.,  Barton,  K.  P.  and  Leiden,  J.  M. (1996). Transcription
Factor GATA-3 is Required for Development of the T-Cell Lineage. Nature 384, 474-
478.

Tolwinski, N. S. and Wieschaus, E. (2004). Rethinking WNT Signalling. Trends
Genet. 20, 177-181.

Tomac, A., Lindqvist, E., Lin, L. F., Ogren, S. O., Young, D., Hoffer, B. J. and
Olson, L. (1995). Protection and Repair of the Nigrostriatal Dopaminergic System by
GDNF in Vivo. Nature 373, 335-339.

Torres, M., Gomez-Pardo, E., Dressler, G. R. and Gruss, P. (1995). Pax-2 Controls
Multiple Steps of Urogenital Development. Development 121, 4057-4065.

Travis, A., Amsterdam, A., Belanger, C. and Grosschedl, R. (1991). LEF-1, a Gene
Encoding a Lymphoid-Specific Protein with an HMG Domain, Regulates T-Cell
Receptor Alpha Enhancer Function [Corrected. Genes Dev. 5, 880-894.



Kidney Induction Refecences

84

Treanor, J. J., Goodman, L., de Sauvage, F., Stone, D. M., Poulsen, K. T., Beck, C.
D., Gray, C., Armanini, M. P., Pollock, R. A., Hefti, F. et al. (1996). Characterization
of a Multicomponent Receptor for GDNF. Nature 382, 80-83.

Trupp, M., Arenas, E., Fainzilber, M., Nilsson, A. S., Sieber, B. A., Grigoriou, M.,
Kilkenny,  C.,  Salazar-Grueso,  E.,  Pachnis,  V.  and  Arumae,  U. (1996). Functional
Receptor for GDNF Encoded by the c-Ret Proto-Oncogene. Nature 381, 785-789.

Trupp, M., Belluardo, N., Funakoshi, H. and Ibanez, C. F. (1997). Complementary
and Overlapping Expression of Glial Cell Line-Derived Neurotrophic Factor (GDNF),
c-Ret Proto-Oncogene, and GDNF Receptor-Alpha Indicates Multiple Mechanisms of
Trophic Actions in the Adult Rat CNS. J. Neurosci. 17, 3554-3567.

Trupp,  M.,  Scott,  R.,  Whittemore,  S.  R.  and  Ibanez,  C.  F. (1999). Ret-Dependent
and -Independent Mechanisms of Glial Cell Line-Derived Neurotrophic Factor
Signalling in Neuronal Cells. J. Biol. Chem. 274, 20885-20894.

Tsai, H., Hardisty, R. E., Rhodes, C., Kiernan, A. E., Roby, P., Tymowska-
Lalanne,  Z.,  Mburu,  P.,  Rastan,  S.,  Hunter,  A.  J.,  Brown,  S.  D.  et  al. (2001). The
Mouse Slalom Mutant Demonstrates a Role for Jagged1 in Neuroepithelial Patterning in
the Organ of Corti. Hum. Mol. Genet. 10, 507-512.

Tsang, T. E., Shawlot, W., Kinder, S. J., Kobayashi, A., Kwan, K. M., Schughart,
K., Kania, A., Jessell, T. M., Behringer, R. R. and Tam, P. P. (2000). Lim1 Activity
is Required for Intermediate Mesoderm Differentiation in the Mouse Embryo. Dev.
Biol. 223, 77-90.

Vainio, S. and Lin, Y. (2002). Coordinating Early Kidney Development: Lessons from
Gene Targeting. Nat. Rev. Genet. 3, 533-543.

Van Esch, H., Groenen, P., Nesbit, M. A., Schuffenhauer, S., Lichtner, P.,
Vanderlinden, G., Harding, B., Beetz, R., Bilous, R. W., Holdaway, I. et al. (2000).
GATA3 Haplo-Insufficiency Causes Human HDR Syndrome. Nature 406, 419-422.

Vasiliauskas, D. and Stern, C. D. (2000).  Expression  of  Mouse  HES-6,  a  New
Member of the Hairy/Enhancer of Split Family of bHLH Transcription Factors. Mech.
Dev. 98, 133-137.

Veeman, M. T., Axelrod, J. D. and Moon, R. T. (2003). A Second Canon. Functions
and Mechanisms of Beta-Catenin-Independent Wnt Signalling. Dev. Cell. 5, 367-377.

Vogels, R., Charite, J., de Graaff, W. and Deschamps, J. (1993). Proximal Cis-
Acting Elements Cooperate to Set Hoxb-7 (Hox-2.3) Expression Boundaries in
Transgenic Mice. Development 118, 71-82.

Vooijs, M., Ong, C. T., Hadland, B., Huppert, S., Liu, Z., Korving, J., van den
Born, M., Stappenbeck, T., Wu, Y., Clevers, H. et al. (2007). Mapping the
Consequence of Notch1 Proteolysis in Vivo with NIP-CRE. Development 134, 535-544.



Kidney Induction Refecences

85

Wagner,  K.  D.,  Wagner,  N.,  Schley,  G.,  Theres,  H.  and  Scholz,  H. (2003). The
Wilms' Tumor Suppressor Wt1 Encodes a Transcriptional Activator of the Class IV
POU-Domain Factor Pou4f2 (Brn-3b). Gene 305, 217-223.

Wagner, N., Wagner, K. D., Scholz, H., Kirschner, K. M. and Schedl, A. (2006).
Intermediate Filament Protein Nestin is Expressed in Developing Kidney and Heart and
might be Regulated by the Wilms' Tumor Suppressor Wt1. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 291, R779-87.

Wagner, N., Wagner, K. D., Theres, H., Englert, C., Schedl, A. and Scholz, H.
(2005). Coronary Vessel Development Requires Activation of the TrkB Neurotrophin
Receptor by the Wilms' Tumor Transcription Factor Wt1. Genes Dev. 19, 2631-2642.

Wagner, N., Wagner, K. D., Xing, Y., Scholz, H. and Schedl, A. (2004). The Major
Podocyte Protein Nephrin is Transcriptionally Activated by the Wilms' Tumor
Suppressor WT1. J. Am. Soc. Nephrol. 15, 3044-3051.

Wang, P., Pereira, F. A., Beasley, D. and Zheng, H. (2003). Presenilins are Required
for the Formation of Comma- and S-Shaped Bodies during Nephrogenesis.
Development 130, 5019-5029.

Wang, Q., Lan, Y., Cho, E. S., Maltby, K. M. and Jiang, R. (2005). Odd-Skipped
Related 1 (Odd 1) is an Essential Regulator of Heart and Urogenital Development. Dev.
Biol. 288, 582-594.

Ware, C. B., Horowitz, M. C., Renshaw, B. R., Hunt, J. S., Liggitt, D., Koblar, S.
A., Gliniak, B. C., McKenna, H. J., Papayannopoulou, T. and Thoma, B. (1995).
Targeted Disruption of the Low-Affinity Leukemia Inhibitory Factor Receptor Gene
Causes Placental, Skeletal, Neural and Metabolic Defects and Results in Perinatal
Death. Development 121, 1283-1299.

Warren, M., Wang, W., Spiden, S., Chen-Murchie, D., Tannahill, D., Steel, K. P.
and Bradley, A. (2007). A Sall4 Mutant Mouse Model Useful for Studying the Role of
Sall4 in Early Embryonic Development and Organogenesis. Genesis 45, 51-58.

Watanabe, T. and Costantini, F. (2004).  Real-Time  Analysis  of  Ureteric  Bud
Branching Morphogenesis in Vitro. Dev. Biol. 271, 98-108.

Wehrli, M., Dougan, S. T., Caldwell, K., O'Keefe, L., Schwartz, S., Vaizel-Ohayon,
D., Schejter, E., Tomlinson, A. and DiNardo, S. (2000).  Arrow  Encodes  an  LDL-
Receptor-Related Protein Essential for Wingless Signalling. Nature 407, 527-530.

Weller, M., Krautler, N., Mantei, N., Suter, U. and Taylor, V. (2006). Jagged1
Ablation Results in Cerebellar Granule Cell Migration Defects and Depletion of
Bergmann Glia. Dev. Neurosci. 28, 70-80.

Wellik, D. M., Hawkes, P. J. and Capecchi, M. R. (2002). Hox11 Paralogous Genes
are Essential for Metanephric Kidney Induction. Genes Dev. 16, 1423-1432.



Kidney Induction Refecences

86

Willert, K., Shibamoto, S. and Nusse, R. (1999). Wnt-Induced Dephosphorylation of
Axin Releases Beta-Catenin from the Axin Complex. Genes Dev. 13, 1768-1773.

Wodarz, A. and Nusse, R. (1998). Mechanisms of Wnt Signalling in Development.
Annu. Rev. Cell Dev. Biol. 14, 59-88.

Worby, C. A., Vega, Q. C., Zhao, Y., Chao, H. H., Seasholtz, A. F. and Dixon, J. E.
(1996). Glial Cell Line-Derived Neurotrophic Factor Signals through the RET Receptor
and Activates Mitogen-Activated Protein Kinase. J. Biol. Chem. 271, 23619-23622.

Wright,  T. R. (1970). The Genetics of Embryogenesis in Drosophila. Adv. Genet. 15,
261-395.

Xu, P. X., Adams, J., Peters, H., Brown, M. C., Heaney, S. and Maas, R. (1999).
Eya1-Deficient Mice Lack Ears and Kidneys and show Abnormal Apoptosis of Organ
Primordia. Nat. Genet. 23, 113-117.

Xu, P. X., Woo, I., Her, H., Beier, D. R. and Maas, R. L. (1997). Mouse Eya
Homologues of the Drosophila Eyes Absent Gene Require Pax6 for Expression in Lens
and Nasal Placode. Development 124, 219-231.

Xu, P. X., Zheng, W., Huang, L., Maire, P., Laclef, C. and Silvius, D. (2003). Six1 is
Required for the Early Organogenesis of Mammalian Kidney. Development 130, 3085-
3094.

Xu, Q., Wang, Y., Dabdoub, A., Smallwood, P. M., Williams, J., Woods, C., Kelley,
M. W., Jiang, L., Tasman, W., Zhang, K. et al. (2004). Vascular Development in the
Retina and Inner Ear: Control by Norrin and Frizzled-4, a High-Affinity Ligand-
Receptor Pair. Cell 116, 883-895.

Xue, Y., Gao, X., Lindsell, C. E., Norton, C. R., Chang, B., Hicks, C., Gendron-
Maguire,  M.,  Rand,  E.  B.,  Weinmaster,  G.  and  Gridley,  T. (1999). Embryonic
Lethality and Vascular Defects in Mice Lacking the Notch Ligand Jagged1. Hum. Mol.
Genet. 8, 723-730.

Yamamoto, H., Kishida, S., Kishida, M., Ikeda, S., Takada, S. and Kikuchi, A.
(1999). Phosphorylation of Axin, a Wnt Signal Negative Regulator, by Glycogen
Synthase Kinase-3beta Regulates its Stability. J. Biol. Chem. 274, 10681-10684.

Yang, Y. and Niswander, L. (1995) Interaction between the signaling molecules
WNT7a and SHH during vertebrate limb development: dorsal signals regulate
anteroposterior patterning. Cell 80, 939–947.

Ylikoski, J., Pirvola, U., Virkkala, J., Suvanto, P., Liang, X. Q., Magal, E.,
Altschuler, R., Miller, J. M. and Saarma, M. (1998). Guinea Pig Auditory Neurons
are Protected by Glial Cell Line-Derived Growth Factor from Degeneration After Noise
Trauma. Hear. Res. 124, 17-26.



Kidney Induction Refecences

87

Yoshikawa, S., McKinnon, R. D., Kokel, M. and Thomas, J. B. (2003). Wnt-
Mediated Axon Guidance Via the Drosophila Derailed Receptor. Nature 422, 583-588.

Yoshino, K., Rubin, J. S., Higinbotham, K. G., Uren, A., Anest, V., Plisov, S. Y.
and Perantoni, A. O. (2001). Secreted Frizzled-Related Proteins can Regulate
Metanephric Development. Mech. Dev. 102, 45-55.

Young, H. M., Hearn, C. J., Farlie, P. G., Canty, A. J., Thomas, P. Q. and
Newgreen, D. F. (2001).  GDNF  is  a  Chemoattractant  for  Enteric  Neural  Cells. Dev.
Biol. 229, 503-516.

Zecchini, V., Brennan, K. and Martinez-Arias, A. (1999). An Activity of Notch
Regulates JNK Signalling and Affects Dorsal Closure in Drosophila. Curr. Biol. 9, 460-
469.

Zhao, H., Kegg, H., Grady, S., Truong, H. T., Robinson, M. L., Baum, M. and
Bates, C. M. (2004). Role of Fibroblast Growth Factor Receptors 1 and 2 in the
Ureteric Bud. Dev. Biol. 276, 403-415.

Zheng, W., Huang, L., Wei, Z. B., Silvius, D., Tang, B. and Xu, P. X. (2003). The
Role of Six1 in Mammalian Auditory System Development. Development 130, 3989-
4000.

Zhong, W., Jiang, M. M., Weinmaster, G., Jan, L. Y. and Jan, Y. N. (1997).
Differential Expression of Mammalian Numb, Numblike and Notch1 Suggests Distinct
Roles during Mouse Cortical Neurogenesis. Development 124, 1887-1897.


