http://dx.doi.org/10.5115/acb.2013.46.1.19
PISSN 2093-3665 eISSN 2093-3673

Anatomy & Cell Biology

Molecular regulation of kidney development
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Abstract: Genetically engineered mice have provided much information about gene function in the field of developmental
biology. Recently, conditional gene targeting using the Cre/loxP system has been developed to control the cell type and timing of
the target gene expression. The increase in number of kidney-specific Cre mice allows for the analysis of phenotypes that cannot
be addressed by conventional gene targeting. The mammalian kidney is a vital organ that plays a critical homeostatic role in the
regulation of body fluid composition and excretion of waste products. The interactions between epithelial and mesenchymal
cells are very critical events in the field of developmental biology, especially renal development. Kidney development is a
complex process, requiring inductive interactions between epithelial and mesenchymal cells that eventually lead to the growth
and differentiation of multiple highly specialized stromal, vascular, and epithelial cell types. Through the use of genetically
engineered mouse models, the molecular bases for many of the events in the developing kidney have been identified. Defective
morphogenesis may result in clinical phenotypes that range from complete renal agenesis to diseases such as hypertension that
exist in the setting of grossly normal kidneys. In this review, we focus on the growth and transcription factors that define kidney
progenitor cell populations, initiate ureteric bud branching, induce nephron formation within the metanephric mesenchyme,
and differentiate stromal and vascular progenitors in the metanephric mesenchyme.
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Introduction

The development of an organism requires the precise
spatiotemporal coordination of cell behavior and is therefore
highly dependent on the communication among cells. The
reciprocal inductive interactions between epithelial cells
and adjacent mesenchymal cells are of particular impor-
tance during embryogenesis, because they result in cellular
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differentiation and the formation of tissues and organs.
Specifically, in kidney development, the organization of
polarized mesenchyme into epithelialized tubules is a charac-
teristic feature, and is central to its physiological functions.
Overall, kidney morphogenesis appears as a self-regulating
process, whereby kidney function orchestrates multiple,
mutually dependent cellular processes within the developing
nephron [1].

In recent years, the application of new techniques to study
the genes or factors involved in renal morphogenesis has
represented a key advancement in nephrology, leading to
better understanding of renal development during prenatal
and postnatal life [2]. These techniques have also provided
important insights into the mechanisms of diseases that result
from alteration of the morphogenesis program [3].

In this review, we focus on molecular pathways that regu-
late the process of mesenchyme-to-epithelial transition
(MET), the main development responsible for the origin of
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the nephron, the functional unit of the kidney. Progress in our
understanding of the cellular and molecular mechanisms of
kidney development may provide methods for the improved
diagnosis of renal anomalies and targets for the prevention
and treatment of kidney disease.

Kidney-specific Gene Targeting

Genetic engineering in mice has proven to be a useful tool
for assessing the role of specific gene products in renal health
and disease. The most widely used strategy to limit gene
targeting to specific tissue or cell types utilizes the Cre/loxP
system [2]. Cre recombinase (cyclization recombination) is
a site-specific DNA recombinase from bacteriophage PI that
mediates genetic recombination at specific 34 bp recognition
sites, called loxP [4]. As illustrated in Fig. 1, any DNA se-
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quence flanked by two loxP sites in the same orientation will
be excised. A major advantage of the Cre/loxP system lies in
its relative simplicity. The success of kidney-specific targeting
is dependent on the availability of different Cre transgenic
lines and the efficiency of the lineage-specific DNA excision.
There are a number of kidney-specific Cre mouse strains
currently available, which potentially allow for gene targeting
in the podocyte, proximal tubule (PT), thick ascending limbs,
juxtaglomerular cells, principle cells, and intercalated cells of
the collecting duct [5, 6]. Much of this early work in kidney
development is summarized in a classic monograph by Saxén
and Sariola [7]. In recent years, new techniques have given us
outlines of the genetic program that regulates organogenesis
and suggested roles for several signaling molecules, growth
factors, receptors, transcription factors, and extracellular
matrix components. We discuss the signaling molecules,
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Fig. 1. Kidney-specific Cre/JoxP recombination. Cre recombinase is expressed under the control of a kidney-specific promoter (left), and two

JoxP sites are inserted in the introns flanking an essential exon of a gene of interest (right). In the kidney, Cre recombinase will be expressed and

will excise the DNA sequence between the loxP sites, which will inactivate the gene. In all other tissues, Cre will not be expressed and the gene will

remain active.
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growth and transcriptional factors, and cell membrane
receptors that are necessary for the cascade of events to
occur to form a kidney and that are targeted to date using the
kidney-specific Cre/loxP strategy.

Overview of Kidney Development

In mammals, the kidney derives from the intermediate
mesoderm located between the axial mesoderm and lateral
plate mesoderm. It is likely that the specification of the
mesoderm involves genes participating in the control of the
mediolateral and anteroposterior patterning signals [8]. Three
different kidney systems are formed during intrauterine life
in mammals including humans; the pronephros, the mesone-
phros, and the metanephros [9, 10]. The first two kidney
systems lead to the formation of transient structures, and
the metanephros forms the permanent kidney [11]. The
metanephros begins to develop from the ureteric bud (UB),
a branching epithelial tube originating from the Wolffian
duct (WD) (or mesonephric duct), and the mesenchymal
cells that originate from the intermediate mesoderm. Kidney
organogenesis depends on a series of reciprocal inductive
interactions between the UB and metanephric mesenchyme
(MM). The different morphological steps of metanephric
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kidney development are schematically shown in Fig. 2. Signals
from the MM initiate kidney development by inducing
formation of the UB from the WD. The UB invades the MM
and undergoes a series of repetitive branching under the
influence of mesenchymal signals. In turn, the newly formed
UB induces the MM that surrounds it to condensate and
aggregate around its tips, transforming themselves into the
cap mesenchyme (CM). The CM successively differentiates
into pre-tubular aggregates, and these structures undergo
MET to form renal vesicles (RVs), which proliferate to give
rise to comma- and S-shaped bodies (SBs), and then ne-
phrons (Fig. 3). At the same time, a part of the uninduced
mesenchyme adopts the stromal pathway, a cell type involved
in structural support and nephron maturation [12, 13].
Parallel to this differentiation process, the distal part of the
SBs fuses with the collecting ducts, and the proximal parts
of these structures become highly vascularized and form
glomeruli.

It was generally believed that most of the epithelial cells
of the nephron were derived from the MM, whereas the
UB epithelium generates the collecting ducts and the most
distal tubules (DTs). However, all the mesenchyme does not
become induced and converted to epithelium, with some
cells contributing to the interstitial mesenchyme or stroma,
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Fig. 2. Scheme of renal developmental processes. Kidney organogenesis depends on a series of reciprocal inductive interactions between the ureteric

bud (UB) and metanephric mesenchyme (MM). Signals from the MM initiate kidney development by inducing formation of the UB from the

Wolffian duct. The UB invades the MM and undergoes a series of repetitive branchings under the influence of mesenchymal signals. In turn, the

newly formed UB induces the MM that surrounds it to condense around its tips. The condensed mesenchyme (CM) successively differentiates

into pre-tubular aggregates, and these structures undergo a mesenchymal-to-epithelial transition (MET) to form renal vesicles (RVs), which then

proliferate to give rise to comma- and S-shaped bodies, and then nephrons. Parallel to this differentiation process, the distal part of the S-shaped

bodies fuses with collecting ducts, and the proximal parts of these structures become highly vascularized and form glomeruli.
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Fig. 3. Time course of renal morphogenesis in wild-type mice. Kidneys from E10.5 (A), E12.5 (B), and E15.5 (C) embryos, and PO (D) mouse
were stained with hematoxylin and eosin. The ureteric bud (UB) is derived from the Wolffian duct (WD), and the metanephric mesenchyme

(MM) is formed from the intermediate mesoderm. The condensed mesenchyme (CM) successively differentiates into the renal vesicle, which then

proliferates to give rise to comma- and S-shaped bodies and glomeruli (G). Scale bar in (A)=50 um (A-D).

and others generating endothelial cells of the renal vas-
culature. Mesenchyme-derived epithelial cells become highly
specialized and express markers specific for glomerular
podocytes, PTs, cells of the ascending and the descending
limbs of Henle’s loop, and DTs.

Patterning of the Intermediate Mesoderm

In mammalian embryos, a number of marker genes are
expressed in the lateral mesoderm and become restricted
to the intermediate mesoderm prior to any morphological
indication of urogenital development. The activation of such
markers is the first indication that the lateral and subsequent
intermediate mesoderms are differentiated from surrounding
cells [14].

Odd skipped relatedl (Odd1 or OsrlI) is one of the earliest
genetic markers of the kidney progenitor cell in mice [15,

http://dx.doi.org/10.5115/acb.2013.46.1.19

16] and is first activated in these cells [17]. At E8.5-E9.5,
Odd1 transcripts are found throughout the intermediate
mesoderm/nephrogenic cord and in the MM, but appear in
the UB only at E10.5 [16, 17]. In Odd1 null embryos, neither
the UB nor a morphologically distinct population of MM can
be detected, and renal agenesis occurs [17]. OddI mutants
completely lacked the eyes absent homolog 1 (Eyal) and
paired box gene 2 (Pax2) in the metanephric region at E9.5,
and OddI expression was required for the expression of other
transcription factors, including LIM-class homeodomain
transcription factor Lim1 (or Lhx1), Eyal, Pax2, homeobox
family members Six1, 2, and 4, Salll, WT-1, and glial-derived
neurotrophic factor (Gdnf), that lead to UB outgrowth [18-
21], indicating that OddI acts upstream of these pathways [16].
The LimlI gene is expressed in the visceral endoderm, and
lateral and intermediate mesoderm [22]. Subsequently, Lim1
expression is restricted to the nephric duct, mesonephric

www.acbjournal.org
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tubules, and a part of the developing metanephros. Pax2
and Pax8 are expressed after Odd1 and Lim1 activation in
a pattern more consistent with intermediate mesoderm
specification. Several transcriptional regulators seem to
regulate MM specification by complex regulation of DNA
binding and transcriptional activation versus repression. In
the MM, Eya-Hox-Pax [23] and Eya-Six-Pax [24] complexes
are presumed to coordinate specification resulting from the
coexpression of these regulators. The Eya-Hox-Pax complex
acts as a direct activator of Six2 as well as Gdnf. These factors
are required for nephron development and the loss of their
functions in the developing MM results in either renal
agenesis or hypoplasia.

Outgrowth and Branching of UB

The UB emerges as a single outgrowth from a site of the
WD caudal to the hindlimb (Figs. 2, 3). Gdnf is expressed
broadly throughout the nephrogenic cord at E9.5, but be-
comes restricted to the region of the MM by E10.5 [23]. The
Gdnf/Ret pathway is a critical regulator of UB outgrowth
and branching. Gdnf secreted by the MM activates a Gfral/
Ret receptor-tyrosine kinase complex and triggers outgrowth
of Ret-positive cells from the nephric duct toward the Gdnf
signal [18, 19]. The deficiency of Gdnf and Ret or Gfral in
mice results in failure to form a UB, and prenatal death occurs
with agenesis of the kidneys and ureters [20, 25, 26].

Other pathways, including Wnt, sonic hedgehog (Shh),
bone morphogenic protein (Bmp), and fibroblast growth
factor (Fgfs), that control UB branching have a central role
in these signaling mechanisms within the MM and in UB
branching [27, 28]. Wnt is a transmembrane Frizzled receptor
ligand [29]. The interaction of Wnt with Frizzled and co-
receptors lipoprotein receptor-related proteins 5/6 recruits
Disheveled to the cell membrane. The activated Disheveled
inhibits glycogen synthase kinase 3p that phosphorylates
B-catenin and marks it for degradation. Thus, canonical
signaling by Wnt results in stabilization of B-catenin, which
translocates to the nucleus to initiate the transcription of
downstream mediators [30]. Canonical Wnt signaling plays
a role in induction of the MM and in UB branching [31, 32].
Loss of B-catenin in the UB lineage and nephron progenitors,
or inhibition of canonical Wnt signaling by Dickkopfl
resulted in renal agenesis and hypoplasia [31-34].

Shh is an inhibitory ligand for the Patched receptor, which
constitutively inhibits Smoothened [35]. Shh signaling directly
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controls the expression of three distinct classes of genes that
are required for normal renal development, namely, early
kidney inductive and patterning genes (Pax2 and Salll), cell
cycle modulators (CyclinD1 and N-myc), and the signaling
effectors of the hedgehog (Hh) pathway (Glil and Gli2) [36].
In the absence of Hh binding, the repressor Gli3 is instead
dominant. Deletion of Shh from the UB lineage resulted in
hypoplastic kidneys with hydronephrosis and hydroureter
(37].

Members of the transforming growth factor p (TGEp)
superfamily are Bmps, activin, and growth/differentiation
factor, which act as ligands for transmembrane serine-
threonine kinase receptors, the activin-like receptor kinases
[38, 39]. TGFP and activin result in phosphorylation of
receptor-associated Smads (R-Smads) 2 and 3, whereas the
Bmps elicit phosphorylation of R-Smads1, 5, and 8 [40].

Bmp signaling plays a key role in UB branching. Bmp2,
Bmp4, and Bmp7 are expressed in the mesenchyme surroun-
ding the tips of the UB, and stromal cells surrounding the
nephric duct and the stalk of the UB outgrowth [41, 42].
Complete loss of both Bmp7 expression and inhibition of
Bmp by Gremlin results in renal agenesis [43]. Deletion of the
Bmp2 inhibits UB branching in vivo [44]. UB-specific deletion
of Smad4 does not have an effect on UB branching, indicating
that Bmps must exert their effects via a Smad4-independent
pathway [39].

The family of Fgfs bind the receptor tyrosine kinases
(Fgfrl and 2), and interaction between the Fgf and receptor
stimulates homodimerization and phosphorylation of the
receptor, which leads to recruitment of the growth factor
receptor-bound protein 2 adaptor, activation of Ras GTP
proteins and extracellular signal-regulated kinase, and cell
proliferation [45]. Fgfrl and Fgfr2 in mesenchyme are
critical for early MM and UB formation, and deletion of both
factors in the MM results in renal aplasia with defects in MM
formation and initial UB elongation and branching [46].
The deletion of Fgt7 and Fgfl0, and their receptor Fgfr2-
IIIb leads to smaller kidneys with fewer collecting ducts and
nephrons [46]. Deletion of Fgfr2 in MM stromal cells results
in formation of more than one UB, leading to duplicated
collecting systems and hydroureter [47]. Deletion of Fgfr
from UB results in very aberrant UB branching and fewer UB
tips [48].

Recently, a role of p53 has been revealed in the regulation
of metanephric development. Kidneys of p53 knockout
embryos exhibited a spectrum of congenital abnormalities,

http://dx.doi.org/10.5115/acb.2013.46.1.19
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including UB ectopia, double ureters/collecting systems, and
hypoplastic metanephros [49].

The Cap Mesenchyme

While epithelial cords originating from the UB are bran-
ching into the MM, self-renewing progenitor cells [50] con’
densate and aggregate around the UB tips, transforming
themselves into the cap mesenchymal cells. The CM progres-
sively undergoes MET, which will form most of the epithelia
of the nephron [13, 14].

Gene-targeting experiments with promoter-specific Cre
mice have shown that Six2 and Cited1 are expressed by the
nephron-committed, multipotent, self-renewing progenitor
population responsible for generating all segments of the
nephron, from podocyte to connecting segment [51, 52]. Six2
is expressed by the CM and functions to suppress the ectopic
formation of pre-tubular aggregates on the distal side of the UB
tip [52, 53]. Deletion of Six2 activity results in the premature
MET of all CM to RV on the initial ingrowth of the UB. As
a result, nephrogenesis ceases at an early stage [53]. Six2 is
thus a critical regulator of the CM progenitor state. Six2 and
Wnt regulate the self-renewal and commitment of nephron
progenitors through shared gene regulatory networks [54].

Wt1 has been proposed as a master control gene that re-
gulates the expression of a large number of genes that have
a critical role in kidney development [55], as shown by the
occurrence of renal agenesis in mouse embryos when it
was lacking [56]. The Wtl expression increases in the CM
progenitors and promotes differentiation toward the epithelial
phenotype. The Wtl expression pattern suggests a main
role in the regulation of the MET process and maturation of
podocytes [57].

Among the target genes for Wtl, an important role has
been assigned to Bmp7 [58], which is highly expressed during
early embryonic kidney development in the renal progenitor
cells [59], the UB cells, and in mature podocytes [60]. Bmp7
null embryos show poorly developed kidneys characterized
by oligonephronia, due mainly to the premature loss of the
progenitor population [59].

Fgf8 is expressed in the CM and may play an important
role in nephron induction and maintenance of the renal
progenitor population in the CM [61]. Fgf8 is also required
for cell survival at distinct stages of nephrogenesis and for
regulation of gene expression in nascent nephrons [62].

http://dx.doi.org/10.5115/acb.2013.46.1.19
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Mesenchymal-to-Epithelial Transition

The CM undergoes MET to form RVs at E12.5, which
then proliferate to give rise to SBs that fuse with the collecting
duct epithelium (Figs. 2, 3) [63]. By E13.5, the SBs become
infiltrated by endothelial precursors to form the glomerular
tuft, which consists of the capillary loops, mesangium, glome-
rular basement membrane (GBM), and podocyte.

Six2 and Cited2 showed a decreased expression, whereas
the Lim1 and Fgf8 expressions were found to increase
progressively [64]. Wnt4 has the ability to induce the MET
of the pre-tubular aggregation of CM to become the RV
[65]. Cap mesenchymal cells respond to Wnt4 signaling by
differentiating into the RV, a simple tubule undergoing exten-
sive growth, segmentation, and differentiation that will end
with the origin of the mature proximal nephron [66].

Proximal-Distal Patterning of the Resulting
Tubules

The formation of an RV is only a beginning in terms of
this tubulogenic event. The RV needs to elongate, bend,
segment/pattern, and differentiate to generate a functional,
mature nephron within the adult kidney. Ultimately, each
nephron is segmented and patterned along its proximal-
distal axis into a renal corpuscle (RC), followed by PTs, loop
of Henle (LH), DTs, and connecting tubule (CT) segments.
These are connected to the collecting ducts (CDs) to form
a continuous uriniferous tubule [67, 68]. Individual tubular
segments can be distinguished at the molecular, cellular, and
anatomical levels, with each segment ultimately conferred a
specific functional role in the regulation of electrolyte and
water balance. Despite that this segmentation of the nephron
is critical for normal function, and the absence of particular
nephron segments can result in a variety of diseases in hu-
mans [69], the molecular programs governing nephron
segmentation and proximal-distal polarity remain poorly
understood.

Proximal-distal patterning along the length of the nephron
begins very early in the life of a nephron. This is readily
evident as early as the SB stage, which can be divided into
distinct proximal, medial, and distal segments. The proximal
segment is further organized into two distinct epithelial
layers, the parietal (Bowman’s capsule) and visceral (podocyte)
layers, which will become the RC [70].

The patterning of PTs requires the Notch signaling pathway
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[70]. Notchl, Notch2, and the ligands DII1 and Jagl are all
expressed within the RV [71]. The loss of Notch2 and Jagl in
mutant mice results in the loss of proximal nephron segments
and also the capillaries and mesangium of RCs [72, 73]. The
endocytic receptor in the PT, megalin, is important for the
reabsorption of macromolecules filtered by the glomerulus.
Mice with a kidney-specific megalin defect develop normally
but exhibit multiple defects in vitamin and mineral handling
[74, 75]. Megalin deficiency in the PT is associated with
low-molecular-weight proteinuria, increased urinary loss
of vitamin D-binding protein, systemic hypovitaminosis,
hypocalcemia, and osteomalacia [76]. The type-II sodium
phosphate co-transporter (NaPi-IIa) is located in the PT
brush borders. The internalization of NaPi-Ila from the brush
border membrane in response to the parathyroid hormone is
also impaired in the absence of megalin [77].

Umod encodes the glycoprotein uromodulin, and its ex-
pression is widely used as a marker of the adult DT and
LH segments [78]. Umod knockout mice do not display a
phenotype [79], but Umod mutation in humans results in
hyperuricemic nephropathy and medullary cystic kidney
disease type 2 [80].

The endothelin (ET) system has been implicated in the
regulation of systemic blood pressure through multiple
mechanisms. Inactivation of the peptide ET1 in the CDs of
mice leads to hypertension, impaired ability to excrete sodium
and water loads, and enhanced vasopressin responsiveness
[81]. The apical plasma membrane water channel aquaporin-2
(Agp2), present in the CTs and the CD principal cells, is the
chief target for regulating the water permeability of these
segments by vasopressin. Mice lacking Aqp2 in only the
CD cells survive to adulthood, but show marked polyuria
and severe urinary-concentrating defect [82]. CD-specific
inactivation of the nuclear receptor peroxisome proliferator-
activated receptor-y (PPARy) in mice provided evidence
that apical epithelial sodium channel (ENaC)-y subunit
transcription and ENaC-mediated sodium reabsorption are
PPARy-sensitive [37]. Inactivation of the signaling protein
Shh in the murine CD epithelium results in renal hypoplasia,
hydronephrosis, and hydroureter [83].

Patterning and Vascularization of the Glomerulus

Glomerular developments need to undergo sequential
stages. The SBs are infiltrated by endothelial cells to generate
a primitive vascular tuft within the cup-shaped glomerular
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precursor region. The vascular epithelial cells, podocyte
precursors, contact the endothelial cells and begin to diffe-
rentiate. The GBM is then formed at the boundary between
podocytes and endothelial cells for normal renal function.
Podocytes begin to extend primary and secondary foot
processes [84], extending foot processes of podocytes inter-
digitate to create a unique type of tight junction, the slit
diaphragm [84].

The forming podocytes express vascular endothelial
growth factor-A (Vegf-A). The expression of Vegf and its
receptors is temporally and spatially associated with kidney
vascularization and identified angioblasts expressing Flt-
1 and Flk-1 in prevascular embryonic kidneys. These data
suggest that Vegf plays a critical role in renal development by
promoting endothelial cell differentiation, capillary formation,
and proliferation of tubular epithelia [85, 86]. No podocyte
expression of Vegf-A causes severe glomerulovascular defects.
Overexpression of Vegf in podocytes leads to collapsing
glomerulopathy [86].

The development of the mesangium and coincident for-
mation of the glomerular capillary network are reliant on the
expressions of platelet-derived growth factor beta (Pdgtb)
and Pdgf receptor B (Pdgfrf). Genetic ablation of Pdgfb
and Pdgfrf results in defective recruitment of mesangial
cells into the developing glomerulus, and the glomerular
vasculature develops as one or a few dilated capillary loops
[87]. The correct dosage of podocyte expression of Bmp4
during podocyte differentiation is also essential for proper
glomerular tuft development. The loss of Bmp4 function in
podocytes results in glomerular microaneurysms and col-
lapsed glomerular capillary tufts. The same occurs with
podocyte-specific expression of Noggin, a Bmp antagonist.
Overexpression of Bmp4 in the podocytes, however, results in
the absence of endothelia in the tuft [88].

The proteins Kreisler and Gleppl are involved in podocyte
differentiation and maturation. Mutations of these genes in
mice lead to poorly formed podocyte foot processes, and in
the case of Kreisler, proteinuria [89, 90]. Genetic mutations
for the slit diaphragm proteins nephrin (NphsI) and podocin
(Nphs2) in humans show congenital nephrotic syndrome [91].
Knockout of podocin in mice leads to defects in glomerular
capillary formation and mesangial cell recruitment, under-
lying the co-dependence of all the components of the glome-
rular turf for normal development [92].

Attachment of podocytes to the underlying GBM involves
the transmembrane receptors integrin a3p1 and dystroglycan.

http://dx.doi.org/10.5115/acb.2013.46.1.19
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These proteins bind GBM matrix molecules via their
extracellular domain and are coupled to the actin cytoskeleton
intracellularly. Genetic mutation of integrin a3 or podocyte-
specific loss of integrinf1 results in neonatal proteinuria and

early renal failure [93, 94]. Collagen IV (Col4) and laminins
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are the major protein contributors to the GBM [95]. Col4a3,
Col4a4, and Col4a5 are the mature collagens of the mature
GBM. A mutation in either Col4a3 or Col4a4 also results in
benign familial hematuria due to a thinning of the GBM [96].

Fig. 4. Molecular signaling pathways
involved in ureteric bud outgrowth
and branching (A), mesenchymal-to-
epithelial transition (MET) (B), and
nephron patterning (C). (A) Molecules
and growth factors (Gdnfand Fgfs) from
the adjacent cells of the metanephric
mesenchyme bind to a variety of recep-
tor-tyrosine kinases (Ret and Fgfr)
on the surface of the ureteric tip cell,
triggering signaling cascades that
regulate cell proliferation, migration,
and extracellular matrix degradation.
The combined actions of these signaling
pathways are continued branching and
clongation of the ureteric epithelium to
form the collecting duct system. (B) Just
as Gdnf]Ret signaling has been central
to branching, Wnt signaling is key to
kidney development, with both Wnr4
and Wnt9b being involved in MET.
In addition to Wat, Fgfs, Wtl, and
Odd1, there are other factors required
for MET. Fgf8 is expressed carlier than
Wnt4 and is necessary for both War4
and Lim1. A tripartite complex between
Eyal, Pax2, and HoxI1 positively
regulates the expression of Gdnf and
Six2. (C) The transcriptional hierarchy
of genes governing nephron pattering
is shown. Wnt9b initially activates the
expression of Fgf8, Wnt4, and Pax8
in the pre-tubular aggregate (PA), and
then #W7nt4 maintains the expression of
these genes and induces Lim1. Wil is
restricted to the proximal S-shaped body
(SB) and maintained in the podocytes
throughout all stages of nephrogenesis.
Notch2 is required in the patterning
of the proximal nephron. In addition,
Megalin, Umo, integrin 23/f1, and Nphs
play critical roles in the patterning of the
loop of Henle (LH), distal tubule (DT),,
and the formation of functional filters.
CB, comma-shaped body; PC, podocyte
cells; PT, proximal tubule; RV, renal
vesicle; UB, ureteric bud.
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Conclusion

Genetic engineering in mice has provided much informa-
tion about gene function in the field of developmental bio-
logy. Recently, conditional gene targeting using the Cre/
loxP system has been developed to control the cell type and
timing of target gene expression. The increasing number of
kidney-specific Cre mice allow for the analysis of phenotypes
that cannot be addressed by conventional gene targeting. In
summary, this review described the molecular basis of kidney
morphogenesis. As illustrated in Fig. 4, there is a multitude
of molecules that are dispatched and engaged in complex
interactions to drive kidney development in a concerted
mode of action. Some of the factors act as repressors and
others as activators, whereas some display dual effects depen-
ding on the temporal and spatial context. Genes that regulate

Table 1. Genes that regulate kidney development and kidney phenotype
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kidney development and kidney phenotype are summarized
(Table 1). Information from mouse models point to the
importance of well-balanced spatiotemporally controlled
molecular activities, as both deficiencies and overactivation
impede development. There is no doubt that major advances
from mouse models have been achieved and have contributed
to a better understanding of the molecular and cellular
mechanisms that regulate nephrogenesis. However, we still
know relatively little about the regulation and targets of
many molecules identified as playing pivotal roles during
nephrogenesis.

There are so many reasons to study kidney development,
but most importantly, developmental studies have provided
significant insight into the realm of clinical disease. The
methods and discoveries of developmental biology, and the
knowledge acquired about the molecular basis of kidney

Gene Expression Kidney phenotype Reference
Kidney progenitors
Odd1 (Osrl) LM, IM Agenesis [17-21]
Liml (LhxI) LM, WD No nephric duct, agenesis [22]
Eyal IM Agenesis, no MM specified [23]
Pax2/Pax8 M No nephric duct, agenesis [24]
Ureteric bud outgrowth and branching
Gdnf/Ret MM, UB No UB formation, agenesis of kidneys [25,26]
Wnt9b/11 UB, MM Renal agenesis, hypoplasia [31-34]
Shh UB Hypoplastic kidneys, hydroureter [37]
Bmp2/Bmp7 MM Renal agenesis, inhibition of UB branching [43, 44]
Fgf7/Fgf10 MM, UB Renal aplasia, defects UB elongation [47, 48]
p53 IM, MM, UB Hypoplastic kidney, delayed primary branching of UB [49]
Metanephric mesenchyme and mesenchymal-to-epithelial transition
Six2 CM No nephrogenesis [53]
Wt1 MM, RV No pre-tubular aggregation [56, 57]
Bmp7 CM, SC, PC Oligonephronia [59]
Fgf8 CM, RV Defect of nephrogenesis [61]
Wnt4 MM, CM, RV No pre-tubular aggregation [65, 66]
Proximal-distal patterning
Notch2/Jagl RV Defect of the podocyte and proximal tubular cell [72,73]
Megalin PT Proteinuria, hypocalcemia [76]
Umod PT,LH Nephropathy, medullary cystic kidney [80]
Etl CD Hypertension [81]
Agp2 CD,CT Polyuria, severe urinary-concentrating defect [82]
PPARy CD Hypoplasia, hydronephrosis [83]
Patterning and vascularization of glomerulus
Vegf/Flt1, Flk1 PC No endothelial cell differentiation and capillary formation [85, 86]
Pdgfb/Pdgfr3 Mesangium No vascularization [87]
Bmp4 PC No endothelial cell differentiation [88]
Nphs1/Nphs2 IPC Proteinuria, renal failure, defect in glomerular capillary [91,92]
Integrin a3/B1 PC Proteinuria, renal failure [93,94]
Col4a3/Colda4 CD, CT Nephropathy [96]

CD, collecting duct; CM, cap mesenchyme; CT, connecting tubule; IM, intermediated mesoderm; LH, loop of Henle; LM, lateral mesoderm; MM, metanephric

mesenchyme; PC, podocyte cells; PT, proximal tubule; RV, renal vesicle; SC, stromal cells; UB, ureteric bud; WD, Wolffian duct.
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morphogenesis will certainly assist in the diagnosis and
treatment of renal disease as well as allow the regulation or re-
initiation of nephrogenesis in the future.
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