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1.1  Introduction

Congenital abnormalities of the kidney and uri-
nary tract (CAKUT) are the cause of 30-50 % of
end-stage renal disease in young children [307].
CAKUT are represented by a heterogeneous
group of renal, ureter, and bladder malforma-
tions across a wide range of clinical severity
(Table 1.1). The incidence of renal and urinary
tract anomalies in humans is 0.3—-1.6 per 1,000
live born and stillborn infants [359]. Renal mal-
formations account for 20-30 % of all solid-
organ birth defects detected by antenatal
sonography during pregnancy [273]. Thirty per-
cent of cases occur in association with extrarenal
malformations [359] and may be found as part of
over 100 congenital syndromes (Table 1.2)
[173].

This chapter approaches CAKUT from an
embryological perspective with emphasis on
morphologic, cellular, and molecular events in
normal urinary tract development. The science of
human embryology relates to form and process
of tissue development and integrates molecular,
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cellular, and structural factors within a dynamic
spatiotemporal framework. A clear understand-
ing of human embryology provides a foundation
for understanding structure-function relationships
within a given tissue or organ. It also renders
insight into the pathological basis of congenital
malformation resulting from perturbations in
normal organ development and leads to the rec-
ognition of associated malformations within the
same organ system (e.g., genitourinary system)
when developmental mechanisms are shared
between tissues (e.g., kidney and ureter).
Consequently, the principles of urinary tract
embryology described in this chapter are funda-
mental to the diagnosis and clinical management
of CAKUT in fetuses and newborns and crucial
to understanding the long-term impact of
CAKUT on overall health.

Developmental events in kidney, ureter, and
bladder morphogenesis are highly conserved
across vertebrate species [75]. The use of model
organisms such as mice, zebrafish, and frogs has
been invaluable for defining gene expression pat-
terns in the embryonic urinary tract system and
for providing a spatiotemporal framework upon
which to study gene function. Understanding
relationships between gene expression and func-
tion has been greatly facilitated by the creation of
a molecular atlas of gene expression for the
developing urinary tract, which can be accessed
online through the GenitoUrinary Development
Molecular Anatomy Project (GUDMAP; http://
www.gudmap.org/index.html) [117]. Gene func-
tion has been largely elucidated through the anal-
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Table 1.1 Examples of renal, ureter, and bladder
malformations

Renal malformations

Renal agenesis

Renal hypoplasia

Renal dysplasia

Renal duplication

Horseshoe kidney

Renal ectopia (e.g., pelvic kidney)
Cross-fused ectopia

Cystic kidney diseases

Polycystic kidney disease (autosomal dominant,
autosomal recessive)

Multicystic dysplastic kidney
Medullary cystic kidney
Nephronophthisis

Ureteral malformations

Ureteral agenesis

Ureteral duplication

Ureteropelvic junction obstruction

Ureteral stricture (distal to the ureteropelvic junction)

Hydroureter (nonobstructive)

Ectopic ureter

Ureterocele

Bladder malformations

Bladder exstrophy

Bladder diverticulum

Vesicoureteral reflux

ysis of embryonic mouse mutant phenotypes
generated either by targeted mutagenesis, which
disrupts gene function universally, or by condi-
tional mutagenesis, which renders in loss of gene
function in a cell-specific or time-dependent
manner [159]. This chapter will make reference
to genetic studies in mice to gain insight into
morphogenetic, molecular, and cellular mecha-
nisms which underlie normal development of the
human kidney, ureter, and bladder. By conven-
tion, text references to human genes will be noted
in capitalized italics whereas mouse genes are in
sentence case italics [262].

This chapter is subdivided into broad catego-
ries representing stereotypic processes in urinary
tract formation. These include descriptions of the
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Table 1.2 Human congenital malformation syndromes

associated with CAKUT

Syndromes with cystic dysplasia

Apert

Bardet-Biedl
Branchio-oto-renal
Campomelic dysplasia
Cornelia de Lange
Down (trisomy 21)
Edwards (trisomy 18)

Jeune asphyxiating thoracic
dystrophy

Meckel-Gruber

Meckel syndrome, type 7
Melnick-Needles
Pallister-Hall

Patau (trisomy 13)
Senior-Loken

Tuberous sclerosis

von Hippel-Lindau

Zellweger

Syndromes with polycystic kidneys

Congenital rubella
Ehlers-Danlos
Kaufman-McKusick
Noonan

Peutz-Jeghers
Pyloric stenosis
Roberts

Short rib-polydactyly,
types 11, III, and IV

Zellweger

Syndromes with horseshoe kidney

Abruzzo-Erickson
Bowen-Conradi
Cerebro-oculo-facio-
skeletal (Pena-Shokeir)
Facio-cardio-renal
(Eastman-Bixler)

Focal Dermal Hypoplasia
(Goltz-Gorlin)
Oral-cranial-digital
(Juberg-Hayward)

Pallister-Hall
Pyloric Stenosis
Roberts

Trisomy 18 (Edwards)
Trisomy 21 (Down)

Turner

Syndromes with unilateral renal agenesis

Acro-renal-mandibular

Adrenogenital (21-OH-ase
deficiency)

Alagille

Cardiofacial

Cat-Eye
Cerebro-oculo-facio-
skeletal (Pena-Shokeir)

Chondroectodermal
dysplasia (Ellis-van
Creveld)
Coffin-Siris

Congenital rubella

Fetal alcohol

Ivemark
Klippel-Feil

Lacrimo-auriculo-dento-
digital

Larsen

Lenz microphthalmia
Mayer-Rokitansky

Miller-Dieker,
lissencephaly

Oculo-auriculo-vertebral
dysplasia (Goldenhar)
Olfactogenital dysplasia
(Russell-Silver)
Spondylocostal
dysostosis
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Table 1.2 (continued)

Syndromes with renal and/or ureteral duplications

Achondrogenesis

Acrocephalosyndactyly
(Saethre-Chotzen)
Acro-renal (Dieker-Opitz)
Adrenogenital (21-OH-ase
deficiency)
Bowen-Conradi
Branchio-oto-renal

Braun-Bayer

Cerebro-oculo-facio-
skeletal (Pena-Shokeir)

Congenital Rubella
Denys-Drash

Fetal Alcohol
Klippel-Feil

Noonan

Oculo-auriculo-vertebral
dysplasia (Goldenhar)

Rubinstein-Taybi
Trisomy 21
Turner

Syndromes with hydroureter or hydronephrosis

Apert

Campomelic Dysplasia
Chondroectodermal
dysplasia (Ellis-van
Creveld)

Coffin-Siris

Cornelia de Lange
DiGeorge

Fetal Alcohol

Syndromes with renal ectopia

Cardiofacial
Cerebro-cost-mandibular

Craniosynostosis-radial
aplasia (Baller-Gerold)

Denys-Drash
Klippel-Feil

Johanson-Blizzard
Kaufman-McKusick
Larsen

Menkes
Noonan

Pyloric stenosis
Spondylocostal
dysostosis
Wolfram

Marfan
Mayer-Rokitansky
Oculo-auriculo-vertebral
dysplasia (Goldenhar)
Pallister-Hall

Seckel

Spondylocostal
dysostosis

Syndromes with renal hypoplasia

Branchio-oto-renal
Campomelic Dysplasia
Cornelia de Lange
Fetal Alcohol

Ivemark

Poland

Pyloric Stenosis
Seckel
Townes-Brock

Syndromes with bladder exstrophy

Syndactyly, type IV (Haas)

Reproduced with modifications from Clarren [63], with

permission

early embryonic origins of the kidneys, ureters,
and bladder, as well as descriptions of later events
involved in renal collecting duct and nephron

morphogenesis, ureter formation, and bladder
development. Within each subdivision, attention
is given to genetic or molecular control mecha-
nisms essential for executing key developmental
programs. Specific references to urinary tract
morphogenesis in embryonic mice are made
when orthologous events in humans have not
been fully characterized. Consequently, the infor-
mation in this chapter serves as a framework for
understanding the breadth and complexity of
anatomical and functional defects of the urinary
system that present clinically in the fetus and
newborn infant.

1.2  Embryonic Origins of the
Urinary System
1.2.1 Overview of the Early Urinary

Tract Embryology

The mammalian urinary system has embryologic
cellular origins in the mesodermal and endoder-
mal germ layers of the post-gastrulation embryo
[76]. Mesodermal derivatives comprise all epithe-
lial cell types of the mature nephron, renal pelvis,
and ureter, as well as non-epithelial cell types
including glomerular endothelial and mesangial
cells, renal parenchymal interstitial cells (also
known as stromal cells), ureteral and bladder
smooth muscle cells, and adipocytes and connec-
tive tissue-producing fibrocytes of the renal cap-
sule and ureter and bladder adventitia. Endodermal
tissue, on the other hand, gives rise to the luminal
epithelial cells of the bladder and urethra. Kidney
and ureter development requires the initial forma-
tion of a mesoderm-derived embryonic structure
known as the nephric duct (also known as the
Wolffian duct or mesonephric duct). Conversely,
bladder development is preceded by formation of
the urogenital sinus. The following sections
(Sects. 1.2.2 and 1.2.3) describe formation of the
nephric duct and urogenital sinus, respectively.
Table 1.3 compares the chronology of human and
mouse urinary tract development.



Table 1.3 Embryonic time table for nephrogenesis:
human versus mouse

Human Mouse
Pronephros
First appearance 22 days 9 days
Regresses by 25 days 10 days
Mesonephros
First appearance 24 days 10 days
Regresses by 16 weeks 14 days
Metanephros appears 28-32 11 days
days
Collecting tubules and 44 days 13 days
nephrons
Glomeruli 8-9 weeks 14 days
Nephrogenesis ceases 34-36 4-7 days
weeks after birth
Length of gestation 40 weeks 19 days

Reproduced with modifications from Woolf et al. [364],
with permission from Elsevier

1.2.2 Nephric Duct Morphogenesis

Mesoderm-derived ancestors of the kidneys and
ureters originate from within a narrow strip of tis-
sue termed intermediate mesoderm (IM) which is
located bilaterally on each side of the embryonic
midline. IM is evident in human fetuses by week
4 of gestation based on the appearance of the
nephric duct [139]. In mice, IM is detected by
embryonic day 8.5 (E8.5) based on tissue-specific
patterns of gene expression [76, 336]. IM extends
bilaterally in an anteroposterior, or rostral-caudal,
direction from the level of the twelfth somite at
the embryonic midsection to the cloaca, which is
a midline embryonic structure located in the
embryonic hind region [139]. During week 4 of
human fetal gestation (E9.0 in mice), IM is
induced along its anteroposterior axis to form a
paired set of single-cell-layered epithelial tubes
which are the nephric ducts. Fully formed neph-
ric ducts extend the full length of IM and deviate
at its posterior end towards the midline to insert
into the cloaca (see Sect. 1.2.3).

While the nephric duct is formed, surrounding
intermediate mesoderm (referred to as mesen-
chyme) is induced to undergo epithelial transfor-
mation. This inductive process results in the
sequential generation of three morphologically

J.R.P. dos Santos and T.D. Piscione

unique nephrogenic primordia — the pronephros,
mesonephros, and metanephros — which connect
to the anterior, mid-, and posterior sections of the
nephric duct, respectively (Fig. 1.1) [75]. The
pronephros is a primitive paired organ character-
ized by a single glomerular and tubular filtrative
unit (Fig. 1.1a). In lower-order animals such as
amphibians and fish, the pronephros functions as
a transient embryonic excretory organ.
Conversely, in higher-order mammals including
humans, pronephric structures are transiently
represented by nonfunctioning rudimentary
tubules which degenerate by apoptosis [86, 286].
The mesonephros is a more sophisticated filtra-
tive system characterized by several well-
developed glomerular- and tubular-like structures
that connect directly to the nephric duct at its
midsection (Fig. 1.1b). In adult fish and amphib-
ians, the mesonephros replaces the pronephros as
the definitive filtrative organ [75]. In humans,
mesonephric development begins late in the
fourth week of gestation and results in the tran-
sient production of fetal urine [118, 242]. By
week 5, most mesonephric tissue undergoes
degeneration while the remaining tissues in
males contribute to the formation of the repro-
ductive system, including the efferent ductules of
the testis, vas deferens, epididymis, and seminal
vesicle. In female fetuses, the mesonephros
regresses although vestigial structures may per-
sist and are represented clinically as Gartner’s
duct cysts, epoophoron, and paroophoron [226].
As mesonephric degeneration takes place, IM
surrounding the posterior nephric duct (termed
metanephric mesenchyme) is induced to form the
metanephros, which represents the nascent mam-
malian kidney (Fig. 1.1c¢). Induction of meta-
nephric mesenchyme (MM) is dependent on
outgrowth of an epithelial diverticulum from the
nephric duct termed the ureteric bud (UB) which
occurs at approximately week 5 of human fetal
gestation (E10.5 in mice). Invasion of MM by the
UB initiates a series of reciprocal inductive inter-
actions that triggers formation of the adult mam-
malian kidney and ureters. Detailed descriptions
of kidney and ureter morphogenesis are provided
in Sects. 1.3 and 1.4.
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Fig. 1.1 Formation of
nephrogenic primordia.
(a) The nephrogenic cord
and pronephros. (b) The
mesonephros. (¢) The
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1.2.2.1 Molecular Pathways Involved in
Nephric Duct Morphogenesis

Genetic studies in mice point to critical roles
played by four transcription factor genes —
Lhxl, Pax2, Pax8, and Osrl — in specifying IM
for kidney and ureter development. Lhx/ (Lim
homeobox protein 1) encodes a member of the
Lim family of homeodomain proteins which are
essential to forming anterior embryonic struc-
tures [311]. Pax2 and Pax8 are paired box
domain DNA-binding proteins which function
as master regulators of tissue development in
several organ systems, including kidney [26].
Lhx1, Pax2, and Pax8 mRNAs are among the
earliest gene transcripts detected in IM [26]. All
three genes ultimately show mRNA expression
in nephric duct cells, and their functions are
essential to normal nephric duct formation.
Mice lacking Lhx] function fail to form nephric

§

Common nephric
duct At

ducts [336], whereas mice homozygous for a
null Pax2 mutation form posteriorly truncated
nephric ducts [34, 335]. Combined inactivation
of Pax2 and Pax8 results in complete absence of
the nephric duct [26], suggesting that Pax fam-
ily members have overlapping functions in ante-
rior regions of IM. Combined Pax2/8 function
may be important for demarcating IM from lat-
eral plate and paraxial mesoderm since Pax2
mRNA are exclusively detected at the boundar-
ies of these mesodermal compartments at stages
prior to nephric duct formation [336].
Expression of Pax2 and Pax8 in this region
appears to be under the positive control of bone
morphogenetic protein 4 (BMP4; encoded by
the Bmp4 gene) which is secreted by cells in
adjacent lateral plate mesoderm and in overly-
ing ectoderm [142, 143, 236]. Negative control
over these inductive interactions appears to be



provided by other as-yet undefined factors
secreted by nearby somites [190].

Osrl encodes an odd-skipped related zinc-
finger DNA-binding protein and is required to
specify IM for kidney development [141]. Osrl
is expressed in IM surrounding the nephric duct
along its entire length and is excluded from neph-
ric duct cells. Mice lacking OsrI function form
nephric ducts but lack kidneys, which suggest
that Osrl plays an important role in specifying
posterior IM for kidney development.

Hox genes encode a large family of homeodo-
main proteins and are organized into related gene
subgroups or clusters sharing functions that coor-
dinate regional expression of other genes
involved in axial patterning of a wide range of
embryonic tissues [71]. Two mouse hox gene
clusters — Hox4 and HoxIlI — have been impli-
cated in establishment of anterior and posterior
IM cell identity, respectively, along the early
embryonic AP axis. A role for Hox4 genes in pro-
moting anterior IM cell fate is suggested by the
mRNA expression pattern for Hoxb4 which is
detected in early mesoderm at the anterior bound-
ary of prospective IM [9]. The notion that Hox4
genes establish an anterior code for IM is sup-
ported by studies in cultured chick embryos
which revealed an anterior shift in expression of
IM-specific markers Lhx! and Pax2 within chick
mesoderm when the anterior limits of Hoxb4
expression were experimentally manipulated
[263]. Conversely, evidence in mice suggests that
HoxI1 cluster genes (Hoxall, Hoxcll, and
Hoxdl1) control posterior IM cell fate and pro-
mote differentiation of cells within this region
along a metanephric cell lineage. In a study
which involved the use of tissue-specific pro-
moter sequences in transgenic mice to expand
mesodermal expression of HoxdlI anteriorly
into a region of IM normally fated for mesoneph-
ros development, ectopically activating HoxdlI1
in this region resulted in transformation of meso-
nephric tubules into a more metanephric pheno-
type [212]. This observation suggested that
Hox11 cluster genes are necessary for instructing
IM cells to differentiate along a metanephric cell
fate instead of a mesonephric cell fate. Hox11
genes also appear to be required for enabling
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posterior IM cells to respond appropriately to
inductive cues which initiate kidney and ureter
development. This is revealed in compound
mutant mice when either combinations of two or
all three paralogous HoxII genes are mutated,
which results in severe kidney hypoplasia or
complete agenesis of kidneys and ureters, respec-
tively [356]. In vitro, proteins encoded by Hox11
genes form a DNA-binding complex with pro-
teins encoded by Pax2 and the Eyes absent 1
(Eyal) proteins and directly activate the expres-
sion of key metanephric regulators, glial-derived
neurotrophic factor (Gdnf) and sine oculis
homeobox 2 (Six2) (see Sect. 1.3.3.1) [105].
Consequently, the complete absence of kidneys
and ureters in Hox/! triple mutant mice is likely
due to a failure of Hox/I genes to appropriately
activate the expression of other genes critical for
initiating urinary tract development.

1.2.3 Urogenital Sinus
Morphogenesis

The urogenital sinus is an embryonic structure
which originates as a sub-compartment of the
cloaca. The cloaca is an endoderm-derived tran-
sient hollow structure located midline in the
embryonic hind region. It connects bilaterally
with the posterior ends of the paired nephric
ducts (Fig. 1.2). In humans, the cloaca is formed
by the third week of fetal gestation from conflu-
ence of the allantois and hindgut [267]. The
allantois precedes the umbilicus as the conduit
for embryonic gas and solute exchange with the
placenta, while the hindgut ultimately forms dis-
tal colonic structures including the rectum and
the upper part of the anal canal. Between weeks 6
and 7, the cloaca is subdivided into dorsal and
ventral chambers by a fold of mesodermal tissue
which projects into the cloacal cavity and creates
a transverse ridge known as the cloacal septum
(also known as the urorectal septum; Fig. 1.2a).
The dorsal chamber generates the anorectal canal
which communicates with the hindgut and ulti-
mately develops into the rectum and anus. The
ventral chamber forms the urogenital sinus which
is connected at its anterior end to the allantois via
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Fig. 1.2 Development of the g
urogenital sinus. (a) The
cloaca and its anatomical
location relative to other
early embryonic urogenital
tissues. (b) The primitive
bladder forms from the
anterior portion of the
urogenital sinus. The
posterior portion contributes
to the formation of the
urethra and external genital
organs (Reproduced from
Tasian et al. [331], Copyright
2010, with permission from
Elsevier)

Wolffian duct
Hindgut

Metanephrogenic
tissue

the vesico-allantoic canal or urachus (Fig. 1.2b).
By week 12, the vesico-allantoic canal closes
completely and remains as the median umbilical
ligament in the fully developed fetus. Failure of
this obliteration may result in urachal remnants
which may present in the newborn infant as a
vesico-umbilical fistula, vesico-urachal divertic-
ulum, urachal sinus, and urachal cyst [317]. Once
cloacal septation is completed by week 7, the
urogenital sinus is further subdivided into upper
and lower zones of endodermal cell differentia-
tion [171]. Endodermal cells lining the upper
zone of the urogenital sinus differentiate into
bladder epithelium, while lower-zone urogenital
sinus cells give rise to urethral epithelial cells.
Morphogenetic and molecular processes involved
in bladder development will be discussed in
Sect. 1.5.

Failure to initiate or complete cloacal septa-
tion during fetal development has severe clinical
consequences and is thought to underlie the
pathogenesis of a wide range of urogenital and
anorectal human malformations [170, 249].
Morphogenetic and molecular mechanisms
underlying cloacal septation are poorly under-
stood. Several processes have been implicated,
including regional changes in mesenchymal cell
proliferation along the cloacal periphery [306]
which may be responsible for generating the tis-
sue folds associated with septation [135, 229,
341]. Genetic studies in mice with gene disrup-
tions affecting Sonic Hedgehog signaling have
shown that this pathway is essential to the process
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of partitioning the cloaca into urogenital and ano-
rectal sub-compartments [56, 116, 252].
Activating Sonic Hedgehog signaling seems to
be necessary for stimulating cloacal mesenchyme
cell proliferation as removing Shh function prior
to cloacal septation associated with reduced lev-
els of mesenchymal cell proliferation along the
anterior and lateral cloacal margins, which
resulted in anorectal and genitourinary defects
[267, 306].

1.3  Embryology of the Kidney
1.3.1 Overview of Kidney
Morphogenesis

The mammalian kidney develops as a result of
reciprocal inductive interactions between the ure-
teric bud, which is an epithelial outgrowth of the
caudal nephric duct, and the metanephric mesen-
chyme, which is represented by a region of undif-
ferentiated mesodermal cells surrounding the
caudal nephric duct. Cellular descendants of the
ureteric bud contribute to formation of the renal
collecting system, which includes both cortical
and medullary collecting ducts, the epithelial lin-
ing of the renal calyces and pelvis, and also the
urothelial lining of the ureter. Conversely, meta-
nephric mesenchymal cells engage in a complex
morphogenetic ~ program  which  involves
mesenchymal-to-epithelial transformation and
cellular differentiation and results in formation of



all nephron segments, including the glomerulus,
proximal and distal convoluted tubules, and
loops of Henle. In the sections that follow, mor-
phogenetic stages which result in formation of
the collecting system and nephron will be
described. In addition, the functions of genes and
molecules known to control normal renal branch-
ing morphogenesis and nephron development
will be discussed.

1.3.2 Ureteric Bud Outgrowth

Outgrowth of the ureteric bud (UB) from the
nephric duct heralds the onset of kidney develop-
ment. The UB forms in response to inductive sig-
nals provided by metanephric mesenchyme
(MM). These signals induce the UB to elongate
and extend towards MM. In humans, UB out-
growth occurs during week 5 of fetal gestation
and in mice, at embryonic day 10.5 (E10.5) [261,
298]. Defects in ureteric bud induction are likely
to underlie CAKUT phenotypes such as unilat-
eral or bilateral renal aplasia which result from
complete failure of UB outgrowth or in duplex
kidney which occurs as a result of supernumerary
UB formation [256].

The cellular basis of UB outgrowth was
recently investigated in murine kidney organ cul-
ture using time-lapse imaging to follow the fate
of nephric duct cells labeled with a fluorescent
marker [60]. The first sign of UB formation is the
appearance of an epithelial swelling on the dorsal
surface of the posterior nephric duct. This mor-
phologic event is associated with local increases
in nephric duct epithelial cell proliferation and
restructuring of the nephric duct luminal surface
from a simple, single-layered epithelium to a
pseudostratified epithelium. The significance of
epithelial pseudostratification in this region prior
to UB outgrowth is unknown. Similar restructur-
ing of epithelial cell domains has been shown to
occur in other developing organ systems where
epithelial budding takes place, including liver,
thyroid, and mammary gland [24, 93]. It is
thought that converting the future budding site
from a simple to pseudostratified epithelium
might render a higher density of cells for rapid
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expansion within this region in order to form the
UB, although this notion has not been confirmed
experimentally [68].

In addition to local changes in cell number,
changes in epithelial cell shape and movement
are noted to precede regional swelling in the pos-
terior nephric duct. Evidence in mice suggests
that cellular rearrangements are essential for
enriching the epithelial domain where budding
will take place with cells that are capable of
responding to inductive signals from surrounding
metanephric mesenchyme [60].

1.3.3 Molecular Control of Ureteric
Bud Outgrowth

Induction of UB outgrowth depends on molecu-
lar interactions between secreted peptides pro-
duced by MM cells with receptors on the surface
of UB cells. These inductive interactions are
under the control of transcriptional networks act-
ing within MM or UB cells to coordinate gene
expression and regulate the capacity of UB cells
to respond to inductive cues within a precise spa-
tiotemporal framework. This section summarizes
the roles played by selected genes and molecular
pathways in UB outgrowth as revealed through
mutational analyses in mice and, where applica-
ble, in humans.

1.3.3.1 Positive Control of UB
Outgrowth

Glial-derived neurotrophic factor (GDNF) and
two members of the fibroblast growth factor
(FGF) family of signaling peptides, FGF7 and
FGF10, are secreted growth factors which play
important roles in UB outgrowth. In mouse kid-
ney organ culture, recombinant GDNF, FGF7,
and FGF10 proteins are each shown to be potent
in vitro inducers of ureteric bud outgrowth [197,
268, 288]. At stages which precede UB out-
growth, endogenous GDNF and FGFI10 are
secreted by MM cells which surround the poste-
rior nephric duct [197, 288]. These peptides exert
their actions by binding and activating cell sur-
face receptor tyrosine kinases (RTKs) expressed
on the surface of posterior nephric duct and
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nascent UB cells. GDNF binds an RTK encoded
by the Ret proto-oncogene (Ret) in complex with
the GDNF family receptor alpha 1 (Gfral) co-
receptor [38, 82]. Fibroblast growth factor recep-
tor 2 (Fgfr2) is the candidate RTK receptor for
FGF10 given its expression within the nephric
duct and UB [343, 379].

RTK activation initiates downstream signaling
through a number of pathways including Ras-
ERK/MAPK, phospholipase C gamma (PLCy)/
Ca++, and phosphoinositidyl-3-kinase (PI3K)
[179]. Ret and Fgfr2 receptor activation results in
the expression of Etv4 and Erv5 (Fig. 1.3), which
are genes that encode two members of the E-26
(ETS) family of transcription factors. ETS pro-
teins are involved in a wide variety of functions
including the regulation of cellular differentiation,
cell cycle control, cell migration, cell prolifera-
tion, apoptosis, and angiogenesis [237]. During
kidney development, Efrv4 and Etv5 function as
genetically downstream of Gdnf and Ret. Their
activities are necessary for regulating expression
of other genes essential to UB outgrowth [179].

Complete loss of Gdnf or Ret function in vivo
in mice leads to UB outgrowth failure and results
in renal and ureter agenesis in 70-80 % of
affected littermates [38, 253, 293, 303, 304].
Renal agenesis phenotypes were also generated
in mice with homozygous null mutations in genes
that encode transcription factors Salll, Eyal,
Pax2, and HoxI1 homeodomain proteins which
are required for normal Gdnf expression [33, 34,
356, 366, 367] (Fig. 1.4, left panel). Table 1.4
provides a list of gene mutations which cause
renal agenesis in mice. Conversely, mutations in
genes that normally limit the domain of GDNF
expression, such as Slit2, Robo2, and Foxc2,
result in the formation of multiple UBs, leading
to duplex ureters and kidneys [107, 166] (Fig. 1.4,
right panel).

Additional control over UB outgrowth is pro-
vided by mechanisms which regulate Ret expres-
sion in nephric duct cell and nascent UB cells.
During normal kidney development, Ret expres-
sion in the embryonic mouse nephric duct is posi-
tively regulated by Pax2 and Pax8. In vitro, Pax2
and Pax8 proteins activate Ret transcription by
binding directly to the Rer gene promoter [65].
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Fig. 1.3 Model of the role for Erv4 and Erv5 in a gene
network controlling ureteric bud branching morphogene-
sis. GDNF secreted by metanephric mesenchyme signals
to the ureteric bud through a RET/GFRal receptor com-
plex to activate the expression of a number of genes,
including Efv4 and Etv5, which promote ureteric bud
growth and branching. Positive effects on branching may
be mediated through cell proliferation and cell migration.
Expression of Efv4 and Etv5 requires PI3K activity. A
weaker contribution to the regulation of Etv4/5 expression
may be provided by FGF10, acting via FGFR2. Positive
regulation of this network is provided by Wntl1, which
lies downstream of GDNF-RET signaling. Negative regu-
lation is provided by Spryl which antagonizes RET sig-
naling post-ligand activation. Bold arrows depict strong
effects. Dashed arrows denote weak or possible effects
(Reproduced from Costantini [68], with permission)

The UB fails to form in mice with homozygous
null Pax2 mutations and in mice with compound
homozygous null mutations in Pax2 and Pax8
due to severe defects in nephric duct formation
[26]. However, genetic studies in heterozygous
Pax mutants suggest that Ret expression in the
nephric duct is highly sensitive to the level of
Pax2 gene activity. This was revealed in mice
heterozygous for a null Pax2 mutation, which
demonstrate renal hypoplasia and lower levels of
Ret expression compared with mice heterozy-
gous for a null Ref mutation, which have normal
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Fig. 1.4 Signals that promote or suppress ureteric bud
outgrowth. Left panel highlights a subset of molecular
interactions that control normal ureteric bud outgrowth by
negatively regulating the stimulatory actions of Gdnf and
Ret. Pink area represents the nephric duct. Green area
denotes metanephric mesenchyme. Middle and right pan-
els illustrate the effect on ureteric bud outgrowth in mice

kidneys [65]. A more severe phenotype was gen-
erated in compound mutant mice heterozygous
for null mutations in both Pax2 and Ret, which
displayed a high frequency of unilateral or bilat-
eral renal agenesis [65]. Collectively, these data
suggest that one important function of Pax2 in
nephric duct morphogenesis is to establish the
expression domain of Ret.

Gata-binding protein 3 (Gata3) encodes a zinc
finger transcription factor with a role in maintain-
ing Ret expression during nephric duct morpho-
genesis and UB outgrowth. Genetic studies in
mice suggest that Garta3 functions within a regu-
latory pathway that lies downstream of beta-
catenin (encoded by Cmnbl), a cytoplasmic
protein with DNA-binding properties which
functions as a transcription factor in the presence
of Wnt-mediated signals [108]. At stages that
precede UB outgrowth, Gata3 is necessary to
maintain Ret expression in the caudal nephric
duct, which is essential for nephric duct extension

following genetic disruption. Below the images in the
middle and right panels are listed a subset of gene muta-
tions which result in failure to induce a ureteric bud (mid-
dle panel) or supernumerary budding (right panel). See
Sect. 1.3.3.1-2 for details (Reproduced with modifica-
tions from Dressler [76], with permission)

towards the cloaca. Nephric ducts of mice lacking
Gata3 function are deficient for Ret and show
severe nephric duct cell proliferation and differ-
entiation defects [108, 109]. Some nephric duct
cells located rostral to the presumptive budding
zone maintain Ret expression, which leads to
ectopic UB formation. This observation suggests
that one role for Gata3 may be to coordinate the
recruitment of cells with high levels of Ret to the
presumptive budding zone.

The mechanism by which GDNF-Ret signal-
ing causes UB outgrowth is not entirely known.
The effects of Ret receptor activation on bud for-
mation may be in response to chemotactic effects
of GDNF on nascent UB cells. This is revealed in
two reports showing chemoattractant properties
for GDNF in vitro on cultured kidney cells [328,
329]. Another study involving chimeric mice
made up of a mosaic of cells with varying levels
of Ret activity suggested that Ret is necessary to
recruit highly sensitized nephric duct cells to the
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Table 1.4 Mouse models of renal agenesis

Gene Type of protein

Involved in nephric duct formation

Defects in humans References

Pax2 and Pax8 Transcription factor Renal coloboma syndrome [26, 295, 335]
Gata3 Transcription factor HDR syndrome [109, 342]
LhxI Transcription factor - [157, 247, 336]
Involved in ureter
budding
GDNF-Ret/GFRal pathway components
Gdnf Secreted molecule, neurotrophin family ~ Hirschsprung disease [8, 210, 253, 293]
Ret Receptor tyrosine kinase Hirschsprung disease [83,303]
GFRal GPI-linked neurotrophin receptor Hirschsprung disease [38, 88]
Required for GDNF expression
Eyal Transcription factor Branchio-oto-renal [1, 366]
Hoxl11 paralogs Transcription factor - [356]
Salll Transcription factor Townes-Brocks syndrome [160, 232]
Six2 Transcription factor - [367]
Pax2 Transcription factor Renal coloboma syndrome [34]
Osrl Transcription factor - [141]
Regquired for Ret expression
Gata3 Transcription factor HDR syndrome [108, 109, 342]
Ctnnbl (f-catenin) Transcriptional co-activator, Wnt - [188]

pathway
Emx2 Transcription factor - [204]
Involved in metanephric mesenchyme induction
WT1 Transcription factor Denys-Drash [165]

Reproduced with modifications from Uetani and Bouchard [340], with permission
HDR hypoparathyroidism-deafness-renal anomalies syndrome

site of ureteric budding so that they can readily
respond to GDNF [60] (Fig. 1.5).

The role of FGF proteins on UB induction is
less clear. In vitro, recombinant FGF7 and FGF10
proteins were capable of inducing UB outgrowth
in isolated nephric duct organ cultures [185]. The
stimulatory effects of FGF proteins on UB out-
growth were augmented by co-incubating cul-
tures with an inhibitor of TGF-f signaling,
suggesting that the nephric duct is normally
desensitized to FGFs by local inhibitory feed-
back. Since Fgf7 mRNA are not expressed in
MM at stages preceding UB outgrowth, Fgfl0 is
the more likely candidate for activating
FGFR-mediated inductive responses in vivo.
Targeted deletion of FgfI0 results, however, in
mice which form UBs but display later defects in
UB branching [60]. A similar phenotype was
generated in mice with inactivating mutations in
Fgfr2 conditionally limited to the UB cell lineage,

which are able to form a UB but show defects in
UB branching that lead to renal hypoplasia
[316, 379], suggesting that other mechanisms
(viz., GDNF-RET signaling) are able to com-
pensate for loss of FGF signaling in these
mutants. A recent study showed that complete
penetrance of UB agenesis was generated in
Fgfl10~- mutants by introducing a single null
allele for GDNF [60]. Taken together, these
studies strongly suggest that GDNF is the domi-
nant inducer of UB outgrowth whereas FGF10
has a weaker role, possibly due to local vari-
ances in gene expression or inhibitory feedback
on RTK signaling [60].

1.3.3.2 Negative Control

of UB Outgrowth
Experimentally, the nephric duct is competent to
respond to ectopic GDNF via RET and initiate
ureteric bud formation and branching at multiple
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Fig. 1.5 Model for the rearrangement of nephric duct
cells at different stages of ureteric bud formation. (a) Pre-
ureteric bud induction. (b) Onset of ureteric bud induc-
tion. (¢) Ureteric bud outgrowth and early elongation.
Blue and green areas represent nephric duct cells with
high and low relative levels of RET activity, respectively.
Shaded regions denote nephrogenic mesenchyme. Yellow

sites along its anteroposterior axis [250, 288].
This propensity for random budding may under-
lie the cause of renal malformations that result
when either more than one UB is formed (e.g.,
duplex kidney) or when induction occurs in the
wrong position along the nephric duct’s antero-
posterior axis (e.g., VU reflux). Consequently, a
number of inhibitory mechanisms are used to
control the stimulatory response of nephric duct
cells to inductive signaling and ensure that UB
outgrowth is limited to a single site.

Sprouty proteins provide inhibitory control
over signaling pathways activated by GDNF and
FGE. Sprouty proteins are intracellular peptides
which are known to antagonize RTK signaling
downstream of ligand-receptor interactions [84].
In the developing kidney, Sproutyl (Spryl)

arrows in (a) illustrate the convergence of cells with high
levels of RET activity along the long axis of the posterior
nephric duct. Red arrows in (¢) demonstrate the recruit-
ment of cells with high levels of Ret signaling to the ure-
teric bud tip (Reproduced from Chi et al. [60], Copyright
2009, with permission from Elsevier)

expression is induced downstream of GDNF-
RET signaling in nephric duct and nascent UB
cells. Sprouty2 (Spry2) and Sprouty4 (Spry4) are
additional family members expressed in UB cells
following outgrowth [377], which suggests that
Sprouty proteins also exert negative feedback
inhibition at later stages of UB morphogenesis.
At the UB outgrowth stage, Spryl plays a role
in repressing the nephric duct’s response to
GDNF and FGF10 and controlling their stimula-
tory effects on the nephric duct [68]. This inhibi-
tory role was revealed genetically in a series of
two reports involving complex analyses of mouse
mutants with single or combined loss-of-function
mutations in Spryl, Gdnf, and Fgfl0. Loss of
Spryl function in mice resulted in renal malfor-
mations including multiple ureters, multiplex
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Fig. 1.6 Summary of results from genetic studies in mice
supporting a model for Gdnf and Fgf10 cooperating in the
induction of ureteric bud outgrowth under the inhibitory
control of Spryl. (a) Wild-type scenario. GDNF acts as
the principal inducer (depicted by bold arrows) by activat-
ing RET, resulting in the upregulation of genes which
stimulate ureteric bud outgrowth. FGF10 provides a sub-
stantially weaker effect via FGFR2. Spryl exerts inhibi-
tory control by antagonizing RTK signaling. (b) When
Gdnf is genetically inactivated, FGF10 is incapable of

kidneys, and hydroureter [14, 15]. These features
were associated with ectopic ureteric bud induc-
tion, increased expression of Gdnf in the meta-
nephric mesenchyme, and expanded expression
of GDNF-RET target genes (viz., Wntl1). The
presence of multiple ureters and the occurrence
of renal and ureteral duplications in Spryl -
mice represented a loss of negative control over
the stimulatory actions of GDNF. Reducing the
Gdnf gene dosage in Spryl =~ mutant mice by
50 % was sufficient to restore control over UB
outgrowth and eliminate the formation of super-
numerary buds [14], indicating that inhibitory
molecular mechanisms which control GDNF-
RET signaling activity are critical to the forma-
tion of a normal, single ureteric bud. In another
study, the effect of inactivating Spryl in mice
with complete loss of Gdnf function (Gdnf =/~
mice) was examined (Fig. 1.6). Removing Spry!
function in mice lacking Gdnf was sufficient to
rescue renal agenesis and result in generation of a
single ureteric bud (Fig. 1.6), likely because the
nephric duct now became sensitized to the induc-
tive effects of Fgfl0 [197]. Additionally remov-
ing Fgf10in Spryl 7=, Gdnf ~~ compound mutant
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overcoming the inhibitory effects of Spry/ on FGFR2 sig-
naling, resulting in failed ureteric bud outgrowth. (c¢) The
stimulatory effects of FGF10 on ureteric bud outgrowth
are unmasked in mice lacking Gdnf by additionally
removing Spryl, thereby rescuing ureteric bud outgrowth
failure in Gdnf null mice. (d) Confirmation that FGF10 is
providing the inductive cue in Gdnf/Spryl double null
mice is provided by additionally removing Fgf10 func-
tion, which prevents formation of a ureteric bud
(Reproduced with modifications from Michos et al. [197])

mice resulted in renal agenesis [197], which
served as evidence that Fgf10 was capable of ful-
filling the role of inducer in the absence of Gdnf
only when Spryl-mediated inhibition was lifted.
A number of studies suggest that angiotensin II
signaling may be involved in regulating the lev-
els of Spryl mRNA expression in the developing
UB, although the local response to angiotensin II
in UB cells appears to be dependent on which
angiotensin receptor, AT1R or AT2R, is activated
[372, 373]. These data support the existence of
negative feedback mechanism involving Spryl
and activation of angiotensin signaling which
controls UB outgrowth by regulating which
nephric duct cells will respond to GDNF- and
FGF10-mediated signals.

Bone morphogenetic protein-4 (Bmp4) also
negatively regulates UB outgrowth and is locally
suppressed by Gremlin 1 (GremI), allowing bud-
ding to occur in the correct position. Bmp4
belongs to a family of genes that encode signal-
ing peptides secreted by MM and UB cells in the
embryonic mouse kidney and shown to regulate
various stages of kidney development [39].
Kidney organ culture studies have revealed
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inhibitory roles for BMP4 and other BMP family
members including BMP2 and BMP?7 in ureteric
bud branching morphogenesis [42, 255, 259,
274]. At stages prior to UB induction, Bmp4
mRNA are expressed broadly in mesenchymal
cells surrounding the nephric duct [29, 80, 199].
The expression domain for Bmp4 partially over-
laps with the expression of Greml, which
encodes an extracellular antagonist that seques-
ters secreted BMPs and reduces local BMP sig-
naling activity [199]. The role of Bmp4 as a
negative regulator of UB outgrowth is suggested
by the appearance of ureteral duplication and
severe hydronephrosis in mutant mice heterozy-
gous for a null Bmp4 allele [206]. In contrast,
GremI-deficient mouse embryos display renal
agenesis, presumably due to unopposed inhibi-
tory actions of BMP4 on the nephric duct [199].
At the molecular level, Greml is necessary to
maintain and propagate the expression of Wntl1
in the UB tips, which promotes Gdnf expression
in MM via a positive feedback mechanism. This
infers that BMP4 functions within an inhibitory
feedback mechanism that suppresses UB induc-
tion by antagonizing the local effect of GDNF-
RET signaling on the nephric duct [206].

1.3.4 Induction of Metanephric

Mesenchyme

Prior to UB induction (E9.5 in mice), MM is
characterized by a population of undifferentiated,
non-polarized cells which are dispersed loosely
along the ventral caudal nephric duct and marked
by the expression of Osrl [76]. At this stage of
development, Osrl-positive (Osrl *) cells in
mice represent a multipotent cell population
which are the precursors for epithelial, stromal,
and vascular tissue elements in the mature kidney
[27]. With advancing gestational age, OsrI * cells
become progressively restricted in their fate as
progenitors of nephron epithelial cells [213] and
are transformed into a tightly associated, polar-
ized cell population that forms primitive tubules.
Further differentiation of epithelial cell types
within these primitive tubules occurs in a spa-
tially organized proximal-distal pattern, resulting
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Fig. 1.7 Six2, Citedl, Wnt4, and Foxdl gene expression
domains in condensed mesenchyme. Depicted is a graphic
representation of condensed mesenchyme at the tips of
two ureteric bud branches, signifying that metanephric
mesenchyme induction has occurred. Cells with high lev-
els of Six2 and Citedl expression (red area) represent a
subpopulation of condensed mesenchyme cells that are
self-renewing and undifferentiated. These cells give rise
to a second cell subpopulation within condensed mesen-
chyme (green area) which feature upregulation of Wnt4
and downregulation of Citedl. These cells represent pro-
genitor cells that are fated to undergo cell differentiation
and generate all specialized epithelial cells of the mature
nephron. Downregulation of Six2 in cells which express
Wnt4 (blue area) signifies the transition from a mesenchy-
mal to an epithelial cell phenotype. Surrounding mesen-
chymal condensates and epithelial progenitors are stromal
cells which require Foxdl expression and are necessary
for normal nephron development (Reproduced with modi-
fications from Mugford et al. [214], Copyright 2009, with
permission from Elsevier)

in formation of the glomerular and tubular seg-
ments of the mature nephron.

Invasion of MM by the UB marks a critical
stage in the divergence of mesenchymal cell fate.
Upon contact with the UB, the MM condenses to
form a discrete zone 4-5 cells thick around the
ampulla of the advancing UB [12, 155]. The
appearance of condensed mesenchyme (CM)
around the tip of the UB signifies that MM induc-
tion has occurred. Based on patterns of gene
expression, CM is subdivided into two cell popu-
lations. One population is comprised of undiffer-
entiated rapidly proliferating cells which are
marked by upregulated expression of transcrip-
tional regulators Six2 and Cbp/p300-interacting
transactivator 1 (Citedl) (Fig. 1.7) and are
thought to represent a pool of self-renewing mul-
tipotent epithelial progenitors [28, 158]. The
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second group is a subpopulation of the first and
represents cells which have embarked on the
pathway towards epithelial differentiation along
an epithelial lineage and are marked by the
upregulated expression of the secreted peptide
wingless-type MMTV integration site family,
member 4 (Wnt4) and downregulated expression
of Citedl [214] (Fig. 1.7). A third population of
MM cells is marked by the expression of the
forkhead box DI transcription factor Foxdl
(Fig. 1.7), which surrounds cap condensates and
is thought to give rise to interstitial or stromal
cells [122, 214, 308]. Stromal cells secrete extra-
cellular matrix and growth factors and are thought
to provide a supportive framework around the
developing nephrons and collecting system.
Genetic fate mapping studies in mice suggest a
common origin for nephron epithelial and stro-
mal lineages which diverges just before UB
induction [28, 158, 213]. However, conflicting
reports on stromal lineage have shown that some
stromal cells originate in paraxial mesoderm
[110] or migrate into the developing kidney as
neural crest precursors once UB has invaded MM
[287, 297].

1.3.5 Control Mechanisms Involved
in Mesenchymal Induction

Metanephric mesenchyme condensation occurs
in response to a Wnt signal, likely Wnt9b,
secreted by the UB. The kidneys of mouse
embryos lacking Wnt9b are rudimentary and
devoid of nephrons [48]. The renal defect is char-
acterized by developmental arrest at the stage
where the UB invades metanephric mesenchyme
and branches to form a T-shaped structure.
Consequently, loss of Wnt9b prevents mesenchy-
mal condensation from occurring and blocks ini-
tiation of tubulogenesis.

Wnt9b induces the expression of Wnt4 in cap
mesenchyme, which initiates the program that
converts mesenchyme to epithelial cells [48].
This interaction appears to be mediated by
canonical signaling pathways involving beta-
catenin. In one study, the inductive functions of
Wnt9b were prevented by removing beta-catenin
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in condensed mesenchyme cells of embryonic
mice by conditional mutagenesis [244]. In the
same study, activating beta-catenin through over-
expression of a constitutively active, stabilized
form in MM functionally rescued the inductive
defects in Wnt9b and Wnt4 mutants and was
capable of initiating the tubulogenic program for
epithelial cell differentiation. These data strongly
implicate canonical signaling pathways in carry-
ing out the initial functions of Wnt9b protein dur-
ing MM induction and nephron epithelial cell
differentiation. However, there appears to be a
need to attenuate canonical Wnt signaling once
induction has taken place since normal epithelial
tubules do not form in embryonic mouse kidneys
when activated beta-catenin continues to be over-
produced in MM [244]. Consequently, the tubu-
logenic response to Wnt signaling following MM
induction is likely to involve noncanonical sig-
naling mechanisms.

Six2, Salll, and Wtl are three transcription
factor-encoding genes which are implicated in
maintaining a sufficient number of self-renewing
nephron progenitor cells to generate all the
nephrons that ultimately comprise the mature
kidney. Six2 is a homeodomain transcriptional
regulator [158, 308], Salll encodes for a mam-
malian spalt-like homeotic gene [160, 232], and
Wtl encodes a zinc finger transcription factor
with both a DNA- and RNA-binding properties
[348]. Dominant mutations in SALLI are the
cause of Townes-Brock syndrome (OMIM:
107480), which features renal hypoplasia, dys-
plasia, or vesicoureteral reflux in addition to anal
and limb anomalies [160, 292]. Denys-Drash
syndrome (OMIM: 194080) is an autosomal
dominant disorder caused by inactivating muta-
tions for WT'I and characterized by gonadal dys-
genesis, diffuse mesangial sclerosis, and
increased risk of Wilms tumor [67, 177].

During embryonic mouse kidney develop-
ment, Six2, Salll, and WtI are expressed at low
levels in uninduced mesenchyme and upregu-
lated in condensed mesenchyme [158, 160, 232,
308, 370]. Six2 plays a major role in maintaining
the multipotency of nephron progenitors, while
Salll and Wtl appear to have a more important
role in progenitor cell survival. The kidneys of
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mice homozygous for Six2 loss-of-function
mutations are small and malformed and exhibit
ectopic nephron formation along the tips and
stalks of ureteric bud branches [308]. The neph-
rogenic defect in Six2 mutant mice is attributed to
premature epithelial cell differentiation, presum-
ably in response to uncontrolled Wn9b activity,
which exhausts the progenitor pool and results in
fewer nephrons. In contrast, in the absence of
Salll and Wtl, MM undergoes apoptosis result-
ing in unilateral or bilateral renal agenesis in two-
thirds of Salll knockout mice [232] and bilateral
renal agenesis in 100 % of mice homozygous for
inactivating Wt/ mutations [165].

The functional properties of Salll in kidney
development were assessed in an in vitro colony-
forming assay. When cultured in the presence of
an inducing signal (viz., Wnt4), isolated MM
from wild-type mice formed colonies which were
reconstituted in organ culture into kidney-like
tissues with glomerular and tubular components
[239]. Molecular studies on these cultured rudi-
ments revealed expression of epithelial cell
markers for glomeruli, proximal and distal
tubules, and loops of Henle. In contrast, although
MM cells from Salll-deficient mice were able to
form colonies and induce the expression of tubu-
logenic genes, colony size was significantly
smaller, suggesting that the dominant role of
Salll is to promote progenitor cell survival.
Additional support for a survival role was pro-
vided by the analysis of MM induction in organ
culture, which showed that isolated mesenchyme
from Salll mutant mice retained their compe-
tence to respond to an inducer but resulted in the
formation of smaller tubules [232]. Other genes
involved in promoting mesenchymal survival
include bone morphogenetic protein 7 (Bmp7)
[79, 104], Pax2 [333], and Fgfr2 [260].

Wt is required for MM survival and appears
to be necessary for induced mesenchyme to con-
dense around the UB following induction.
Evidence in favor of these roles is suggested by
the analysis of MM induction when Wt/ function
is removed either by genetic deletion in vivo
[165] or by morpholino knockdown in embry-
onic kidney organ culture [120]. When cultured
ex vivo, isolated mesenchyme from W¢/-deficient
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mice failed to aggregate in response to inducing
signals from wild-type UB and subsequently
underwent apoptosis [73]. A similar result was
achieved by co-culturing wild-type kidney
explants in the presence of WT1 morpholinos,
which modify gene function by preventing trans-
lation. Instead of forming a tightly packed cap
around the UB, MM was loosely arranged around
UB tips in morpholino-treated explants. It was
suggested that this finding may be due to defects
in cytoskeletal rearrangements or in the forma-
tion of focal adhesion complexes on the basis of
transcriptional profiling of Wt targets in normal
embryonic mouse kidney tissue [120]. Additional
targets of Wt/ which were revealed by this analy-
sis included several MM survival genes with pro-
moters that bind WT1 protein, including Pax2,
Salll, Bmp7, and Fgfr2 [120]. Thus, one function
of WtI may be to regulate cellular events such as
cell survival and cell-cell adhesion in a concerted
manner which promotes nephron cell fate.

1.3.6 Development of the
Collecting System

1.3.6.1 Overview of Collecting Duct
Morphogenesis

The collecting duct system refers to the cortical
and medullary collecting ducts, the renal calyces,
and the renal pelvis of the mature kidney [261,
298]. Development of the collecting duct system
involves an embryonic process termed renal
branching morphogenesis, which refers to growth
and branching of the UB [130]. This process is
dependent on reciprocal inductive interactions
between MM and UB cells within the embryonic
kidney. As a developmental process, branching
morphogenesis is essential to the formation of
several tissues including kidney, lung, mammary
tissue, exocrine pancreas, and salivary glands
(reviewed in Hu and Rosenblum [130]). In kid-
ney development, renal branching morphogene-
sis may be considered as a sequence of related
events, which include (1) outgrowth of the ure-
teric bud, (2) iterative branching of the ureteric
bud and derivation of its daughter collecting
ducts, (3) patterning of the cortical and medullary
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collecting duct system, and (4) formation of the
pelvicalyceal system.

In human kidney development, renal branch-
ing morphogenesis commences between the fifth
and sixth week of fetal gestation [261]. In mice,
this process is initiated at E11.5 when the ureteric
bud invades the metanephric mesenchyme and
forms a T-shaped, branched structure [298]. This
T-shaped structure subsequently undergoes fur-
ther iterative branching to generate approxi-
mately 8 branch generations in the embryonic
mouse kidney [51, 298] and 15 generations of
branching in the human fetal kidney [261]. In
humans, the first 9 generations of ureteric bud
branching are completed by approximately the
15th week of fetal gestation [261]. Throughout
this time, new nephrons are induced at the newly
formed tips of ureteric bud branches through
reciprocal inductive interactions with surround-
ing metanephric mesenchyme. By the 20th—22nd
week, ureteric bud branching is completed, and
the remainder of collecting duct development
occurs by extension of peripheral (or cortical)
segments and remodeling of central (or medul-
lary) segments [261]. During these final stages of
UB morphogenesis, new nephrons continue to
form predominantly through the induction of
approximately four to seven nephrons around the
tips of terminal collecting duct branches which
have completed their branching program while
retaining the capacity to induce formation of
multiple new nephrons [261, 298].

1.3.6.2 Cellular Events Involved in UB
Branching Morphogenesis
Throughout normal kidney development, the
branching UB recapitulates a sequence of mor-
phogenetic events. This sequence is character-
ized by (1) expansion of the advancing ureteric
bud branch at its leading tip (called the ampulla);
(2) remodeling of the ampulla, leading to the for-
mation of new UB branches; and (3) growth and
elongation of the newly formed branch segment
(referred to as the branch “stalk” or “trunk”).
Insight into cellular events that take place in
UB morphogenesis has been provided by studies
of embryonic mouse kidney development in
organ culture using time-lapse imaging to follow
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the fate of UB cells labeled with a visible marker
(e.g., enhanced green fluorescent protein; EGFP)
in the developing UB as it grows and branches
[174, 310, 351]. From these studies, it is evident
that cells at the UB tips undergo a burst of cell
proliferation which causes regional expansion
two to three times the diameter of the parental
trunk, leading to ampulla formation [310, 351]
(Fig. 1.8a—). Once the ampulla forms, there is
significant cell movement within the ampulla
resulting in asymmetric redistribution of highly
proliferating cells to the very tips of the UB
branch and cells with lower rates of proliferation
closer to the branch trunk [310]. Simultaneously,
branch formation occurs by an as-yet uncharac-
terized morphogenetic process of remodeling
which causes the ampulla to bifurcate (Fig. 1.8d—
f). Studies show that rapidly dividing cells remain
at the leading edge of the newly formed branch as
they advance forward, whereas cells with lower
rates of proliferation remain behind and are
incorporated into the trunk [310] (Fig. 1.8g).
Based on gene expression patterns, tip cells are
viewed as progenitor cells for the formation of
new branches throughout kidney development
since these cells tend to express genes associated
with growth and cell proliferation [49, 179, 300].
For the most part, trunk cells are represented by
gene expression patterns associated with the
acquisition of specialized functions such as acid-
base homeostasis and water balance [22]. Some
trunk cells, however, retain the potential to gen-
erate new branches, as suggested by patterns of
lateral branching (described below).

The majority of UB bifurcations are symmet-
rical wherein the ampulla flattens and extends in
two opposite directions. Asymmetrical patterns
of branching have been demonstrated in embry-
onic mouse kidney organ culture (e.g., trifid
branching, which occurs when three daughter
branches arising from one ampulla, and lateral
branching, which results from de novo branch
formation arising from a UB truncal segment)
[351]. Morphometric analyses of individual
branch growth parameters have revealed a con-
served hierarchical pattern of diminishing final
length for successive UB branch generations
such that sixth-generation branches are shorter
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Fig. 1.8 A model for the fate of tip and trunk cells during
ureteric bud elongation and branching. (a) Shown is a ure-
teric bud branch segment. The yellow area denotes cells
residing within the branch trunk. The blue area represents
cells within the ureteric bud branch tip. At subsequent
stages of growth and branching (b)—(g), yellow and blue
regions denote cells which are derived from the original
primary branch trunk and tip segments. (b) and (c¢) The
trunk elongates through an internal mechanism. Tip cells
(blue) proliferate under the influence of GDNF/Ret sig-
naling to form the enlarged ampulla. (d) The ampulla and

the adjacent trunk epithelium are remodeled by an as-yet
uncharacterized mechanism which leads to branch bifur-
cation (e). (f) and (g) Elongation of the newly formed
branch generates a new, secondary branch segment with
its own trunk and tip zones. Cells which originated as pri-
mary branch trunk cells (yellow) occupy the proximal
sides (adjacent to the asterisks) of the two new secondary
branch trunks. Cells from the primary branch ampulla
(blue) form the two new tips and the distal epithelium of
the secondary branch trunks (Reproduced from Shakya
etal. [310], Copyright 205, with permission from Elsevier)
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than fifth-generation branches, [351].
However, in kidney organ culture, asymmetric
branching has been described such that branches
forming in the posterior region of kidney explants
elongate at a slower growth rate compared with
branches formed in anterior regions [42].
Presumably, mechanisms that promote asymmet-
rical branch growth may be important to achiev-
ing the final nonspherical shape of the fully
formed, mature kidney [51, 351].

etc.

1.3.6.3 Molecular Mechanisms that
Stimulatory Renal Branching
Morphogenesis
GDNF-RET signaling is shown in vivo and in
vitro to be a major stimulus for subsequent ure-
teric bud branching [250, 309]. The ability of
Gdnf to stimulate UB branching in vivo is
revealed by the demonstration of multiple
branched ureteric buds in transgenic mice which
express Gdnf ectopically along the full length of
the nephric duct [309]. In response to RET recep-
tor activation, UB tip cells secrete Wntll

Fig. 1.9 Molecular interactions between stimulatory and
inhibitory signals in control of ureteric bud branching mor-
phogenesis. Shown is a sketch of a ureteric bud branch tip
surrounded by loose mesenchyme around its truncal segment
(left) and condensed mesenchyme at the leading edge of the
ampulla (right). GDNF-RET signaling activity is localized to
the branch tip. Wntl1, a molecular target of GDNF-RET, is
secreted by branch tip cells and acts on surrounding meta-
nephric mesenchyme to maintain Gdnf expression. RET acti-
vation in tip cells also upregulates expression of Spryl,
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(Fig. 1.9), which acts on MM cells to maintain
Gdnf expression and thereby promote branching
through positive feedback [186]. Signaling
responses to GDNF are negatively regulated by
Sprouty genes as demonstrated in organ culture
experiments with embryonic kidney explants
from Spryl mutant mice, which show increased
sensitivity to GNDF [14]. In addition, loss of
Spryl function was also associated with increased
MM expression of Wntll and Gdnf which
resulted in an increased number and diameter of
UB branches [60, 152, 250], illustrating that neg-
ative feedback mechanisms are an important
determinant of normal UB branch patterning.
The functional role of GDNF-RET signaling
in branching morphogenesis is not well under-
stood. Recombinant GDNF has been shown to be
a potent stimulant of UB cell proliferation in
organ culture studies [250], leading to the
assumption that Gdnf stimulates UB branching
by promoting UB cell proliferation within the
ampulla. It is unlikely, however, that stimulating
cell proliferation alone is sufficient to induce

which feeds back negatively on RET to modulate GDNF-
RET signaling activity within the ampulla. Other RTK sig-
naling pathways such as FGF, EGF, and HGF provide
additional stimulatory control over branching. BMP4,
expressed in mesenchymal cells surrounding the branch
trunk exert an inhibitory effect on branching. Gremlin,
expressed in mesenchyme around the branch tip, antagonizes
BMP4 and facilitates ureteric bud branching by negating
local inhibitory effects of BMP4 (Reproduced from Michos
[196], Copyright 2009, with permission from Elsevier)
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branching since mitotic cells are found in all
regions of the ampulla [195]. It is possible that
activating RET is necessary to induce cell move-
ments in the ampulla that promote branching
[310], much in the way that RET is essential for
cellular rearrangements that drive UB outgrowth
[60]. The availability of high-resolution imaging
systems combined with transgenic technologies
that enable tracking the future destination of UB
cells will likely provide the means to better
understand the mechanistic basis of GDNF-RET
signaling on branching.

In vitro studies show that recombinant GDNF
alone is not sufficient to induce robust branching
in isolated ureteric bud culture [269, 288], sug-
gesting that parallel signaling mechanisms are
also involved in controlling ureteric bud branch-
ing. Several in vivo and in vitro reports suggest
that FGF signaling has direct effects on the UB
branching. Following UB outgrowth, several
FGFs and their RTK receptor counterparts are
expressed in the developing mouse kidney,
including ligand-encoding genes Fgf2, Fgf7,
Fgf8, and Fgfl0, as well as receptor genes Fgfrl
and Fgfr2, isoform Illb (Fgfr21llb) [43, 268,
270]. All members of the FGF family of ligands
are capable of exerting effects on UB growth and
cell proliferation as demonstrated in organ cul-
ture experiments when isolated UB are exposed
to recombinant FGF proteins [268]. These in
vitro observations are consistent with in vivo
reports describing decreased ureteric bud branch-
ing, decreased cell proliferation, and increased
ureteric bud apoptosis in Fgf7 and Fgf10 knock-
out mice and in mouse mutants following condi-
tional deletion of the Fgfr2 in the ureteric bud
lineage [260].

Different FGF family members exert unique
spatial effects on ureteric bud cell proliferation in
vitro. For example, FGF10 preferentially stimu-
lates cell proliferation at the ureteric bud tips,
whereas FGF7 induces cell proliferation in a
nonselective manner throughout the developing
collecting duct system [268]. These data suggest
that multiple FGF family members may function
in complex morphogenetic programs that control
three-dimensional growth of the developing col-
lecting duct system. FGF7 is also shown to
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induce the expression of the Sprouty gene, Spry?2,
in developing collecting ducts in vitro [59].
Consequently, FGF7 may participate in a nega-
tive feedback loop that controls UB branching by
regulating Gdnf and Wntl 1 expression.

Two additional RTK ligands hepatocyte
growth factor (HGF) and epidermal growth fac-
tor (EGF) represent two additional RTK ligands
which are expressed in the developing kidney
and have been shown to act synergistically in
promoting UB branching during mouse kidney
development [138, 290, 363]. HGF and EGF pro-
teins bind their respective RTK, MET and EGFR,
and activate downstream signaling through PI3K,
ERK, and a number of other RTK-mediated path-
ways [149]. HGF has been shown to promote UB
branching in kidney organ culture [45, 209], yet
inactivating Met function exclusively in the UB
lineage using a conditional knockout approach
resulted in only a modest decrease in UBB and a
30 % reduction in nephron number [138]. Since
Egfr is upregulated in Met-deficient UB cells and
recombinant EGF can partially rescue UB
branching in these Met mutant kidneys, it has
been suggested that HGF/MET and EGF/EGFR
signaling play complementary roles in UB mor-
phogenesis [138]. Complementary functions for
Met and Egfr were revealed in vivo by combining
UB-specific deletion of Metr with a hypomorphic
Egfr mutation, which resulted in embryos with
small kidneys and severely reduced UB branch-
ing [138]. The interaction between HGF/MET
and EGF/EGEFR serves as an example for molec-
ular cross talk between other RTK signaling
mechanisms, including pathways activated by
FGF-FGFR interactions, that may act coopera-
tively with GDNF/RET to control UB branching
morphogenesis (Fig. 1.9).

1.3.6.4 Inhibitory Pathways Involved
in Control of Renal Branching
Morphogenesis
Negative regulators of UB branching include
activin A and TGFB1 [37, 64, 259, 279, 291],
semaphorins 3a and 4D (Sema3a and Sema4D)
[163, 338], and several BMP family members
(reviewed in Cain et al. [39]) based on evidence
of their abilities to inhibit branch formation in
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UB organ or cell culture models or in mouse
genetic mutants which cause downstream signal-
ing to be blocked or attenuated in UB cells.

Bone morphogenetic proteins represent a
large group of signaling peptides which share a
conserved signaling mechanism. BMP signaling
involves ligand binding to receptor complexes
that include serine threonine kinase receptors
called activin-like kinases (ALKs) and down-
stream signaling through receptor-activated
SMAD proteins, which become phosphorylated
upon ligand-receptor binding and translocate to
the nucleus to control transcription of several tar-
get genes involved in cell adhesion and differen-
tiation [39]. Modulation of this pathway may be
provided by interactions between BMP-ALK
receptor complexes with extracellular molecules
which may either augment signaling (e.g., glypi-
can-3 heparan sulfate proteoglycans; Gpc3) [44,
121, 140] or attenuate signaling (e.g., gremlin;
Greml) [199] depending on context.

BMP ligands Bmp-2, -4, -5, -6, and -7 and Alk
receptors Alk-3 and -6 are expressed in the devel-
oping kidney in distinct but partially overlapping
domains [72, 80, 103, 345]. Genetic studies sug-
gest that Alk3 is the dominant signaling receptor
in the UB since inactivating Alk3 specifically in
the UB cell lineage by conditional mutagenesis
results in medullary hypoplasia and cortical cysts
[119] while the embryonic kidneys of Alk6-
deficient mice are normal [371]. Kidney organ
culture studies have revealed inhibitory roles for
BMP-2, -4, and -7 in ureteric bud branching mor-
phogenesis ex vivo [42, 255, 259, 274]. The kid-
neys of Bmp7-deficient mouse embryos are small
which is associated with decreased UB branching
and nephron formation [79, 104]. The renal phe-
notype in this mutant is attributed, however, to a
cell survival defect within the mesenchymal
compartment causing the loss of mesenchyme-
derived factors that promote UB branching rather
than a direct effect on UB cells.

Embryonic mice that carry germline null
mutations in Bmp2 or Bmp4 die before kidney
development begins, thus precluding an analysis
of their individual roles in nephrogenesis [81,
360, 376]. The presence of one Bmp?2 null allele
does not seem to affect UB branching since the
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kidneys of Bmp2*/- heterozygotes appear normal
[121]. However, an inhibitory function for Bmp2
was revealed by additionally removing the
enhancing function of glypican-3 (Gpc3) in
Bmp?2 heterozygous mutant mice, which resulted
in an abnormal increase in UB branching and cell
proliferation [121].

Understanding the role of Bmp4 in UB branch-
ing through in vivo analysis of Bmp4 heterozy-
gotes is made complex because Bmp4
heterozygous null mice display a broad spectrum
of kidney and ureter malformations [206]. An
inhibitory function for Bmp4 in regulating UB
branching is suggested by studies in kidney
explants from wild-type mice, in which recombi-
nant BMP4 protein suppressed kidney growth,
UB branching, and nephron formation in a dose-
dependent manner [37, 42, 274]. Modulating the
level of BMP4 activity in vivo is shown to alter
the three-dimensional architecture of UB branch-
ing as revealed when antagonists of BMP signal-
ing (viz., Cerl (cerberus homolog 1) and Grem1)
are dysregulated in embryonic mice [58, 228].
BMP antagonism appears to function by coordi-
nating the inhibitory activities of BMP4 (and
possibly BMP2) with the stimulatory effects of
GDNF and WNT11, thus providing a mechanism
for spatial patterning of UB branching [58, 199].

Recent studies have shown that Sonic
Hedgehog signaling is required to pattern UB
branching during kidney development. In the
embryonic kidney, Shh is initially expressed
exclusively in the UB and later is restricted in its
expression to the ureter epithelial and medullary
collecting ducts [374]. An early requirement for
Shh in UB induction was revealed by the analysis
of mice with germline null Shk mutation [374].
These mice exhibited severe developmental
abnormalities which included bilateral renal
aplasia or the presence of a single dysplastic kid-
ney. Dysplastic kidneys from these mutants
showed decreased levels of Pax2 and Salll,
implying that Sonic Hedgehog signaling is nec-
essary to regulate genes that promote UB induc-
tion. In addition, removing Shh activity resulted
in downregulation of the levels of Gli proteins
which normally activate transcription (i.e., Gli
activator) in the face of Gli3 proteins which
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normally repress transcription (i.e., Gli3 repres-
sor). Eliminating Gli3 function in Shh mutant
mice rescued kidney development and restored
Pax2 and Salll levels. This analysis suggests that
one early role of Shh in kidney development is to
counterbalance the inhibitory influence of Gli3
repressor activity at the time of UB induction.
This notion of balancing Gli activator and repres-
sor functions is later important in establishing
cortical and medullary domains within the col-
lecting duct system as shown in mice when Sonic
Hedgehog signaling is inappropriately activated
in the developing renal cortex. Ectopic HH sig-
naling was induced in the renal cortex of mice
with targeted inactivation of Ptcl in the UB cell
lineage, which resulted in decreased UB branch-
ing and caused renal hypoplasia [41]. The branch-
ing defect in Ptcl conditional mutants was
associated with decreased levels of Gdnf, Ret,
and Wntll expressions, which were restored in
Ptcl mutant mice by additionally overexpressing
a constitutively active form of Gli3 repressor
protein in these mutants [41]. These data suggest
that a gradient of HH signaling activity exists
within the developing kidney which is character-
ized by low levels of Gli activator function and
high levels of Gli3 repressor in the cortex. This
pattern of Hedgehog activity appears to be neces-
sary for setting up gene expression patterns in the
renal cortex which promote UB branching and
repress branching in the medulla.

1.3.6.5 Development of the Renal

Medulla and Pelvicalyceal

System
Between weeks 22 and 34 of human fetal gesta-
tion [261], or at E15.5 in embryonic mice [298],
the renal cortex and medulla of the developing
kidney become morphologically distinct. The
cortex contains all glomerular, proximal, and dis-
tal tubular tissue elements as well as adjoining
segments of the descending and ascending loops
of Henle and cortical collecting ducts. It is orga-
nized as a relatively compact, outer rim of tissue
and represents about 70 % of total kidney volume
at birth [51]. The renal medulla lies deep to the
cortex. It is comprised of longitudinal arrays of
collecting ducts and loops of Henle which are
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interspersed with peritubular capillaries that sur-
round both tubular tissues.

During embryonic kidney development, dis-
tinct morphologic differences emerge between
collecting ducts located in the medulla compared
to those located in the renal cortex during this
stage of kidney development. Medullary collect-
ing ducts are organized into elongated, relatively
unbranched linear arrays which converge cen-
trally to form the papilla. In contrast, collecting
ducts located in the renal cortex actively induce
metanephric mesenchyme until nephrogenesis is
complete. The most central segments of the col-
lecting duct system that are formed from the first
five generations of ureteric bud branching
undergo remodeling by increased ductile growth
and dilatation to form the pelvis and calyces
(reviewed in Al-Awqati and Goldberg [4]). The
renal pelvis is lined by UB-derived epithelium
and is surrounded by smooth muscle at its conflu-
ence with the proximal ureter. The calyces, in
turn, represent extensions of the renal pelvis
which surround the papilla.

The developing renal cortex and medulla
exhibit distinct axes of growth. The renal cortex
grows along a circumferential axis, resulting in a
tenfold increase in volume while preserving
compact organization of cortical tissue around
the developing kidney [51]. In this manner,
developing glomeruli and tubules maintain their
relative position in the renal cortex with respect
to the external surface of the kidney or renal cap-
sule. Preserving this spatial relationship between
developing nephrons and the renal capsule
appears to be crucial as revealed by defective
nephron development in mice that fail to form a
renal capsule [169].

In contrast to the circumferential pattern of
growth exhibited by the developing renal cortex,
the developing renal medulla expands 4.5-fold in
thickness along a longitudinal axis perpendicular
to the axis of cortical growth [51]. This pattern of
growth is attributed to elongation of outer medul-
lary collecting ducts [51]. Elongation of medul-
lary collecting ducts is governed by oriented cell
division (OCD), a process which involves align-
ing cell mitotic spindles with the long axis of a
structure [98]. OCD leads to duct elongation
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without a change in lumen diameter. Conversely,
cystic dilatation of ducts occurs when OCD is
disrupted [98, 284].

Signaling mechanisms implicated in control
of OCD include planar cell polarity and Wnt sig-
naling. Fat4 is a single-pass transmembrane pro-
tein and component of the planar cell polarity
signaling pathway which is required for OCD as
demonstrated in Fat4-deficient mice. Targeted
disruption of Fat4 in embryonic mice caused ran-
domization of OCD in developing collecting
ducts, which resulted in the formation of dilated
collecting ducts and cystic kidneys [284]. The
Wnt7 signaling molecule, encoded by Wnt7b, is
expressed in UB trunk cells and is necessary for
CD elongation which takes place during forma-
tion of the medulla and papilla [375]. When
Wnt7b function is lost in UB-derived cells by
conditional inactivation, CDs that form the
medulla and papilla become grossly dilated
[375]. Wnt9b, which is expressed in UB tip cells
and which plays an important role in MM induc-
tion, is later expressed in medullary CD cells
where it acts to control OCD through an auto-
crine signaling mechanism [150]. The role of
Wnt9b in this process is reflected by the
occurrence of cysts and disruption of OCD in
collecting ducts of mice when Wnt9b is deleted
from UB-derived cells [150].

Development of the medulla coincides with
the appearance of stromal cells between the 7th
and 8th generations of ureteric bud branches
[51]. It is suggested that stromal cells provide
stimulatory cues which promote growth of med-
ullary collecting ducts [51]. Additional support
for this hypothesis is provided by analyses of
mutant mice lacking stromal transcription factors
Pod1 (also known as TCF21) [69, 272] or Foxd1
[11, 69, 122, 272], which demonstrate defects in
medullary collecting duct patterning.

Mutations in a number of genes that encode
molecular components of the renin-angiotensin
system, which is best known for its role in con-
trolling renal hemodynamics, cause abnormali-
ties in the development of the renal calyces and
pelvis. Mice homozygous for a null mutation in
the angiotensinogen gene (Agt) demonstrate pro-
gressive widening of the calyx and atrophy of the
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papillae and underlying medulla [230]. Identical
defects occur in homozygous mutants for the
angiotensin receptor-1 (Agtrl) gene [208]. The
underlying defect in these mutants appears to be
decreased cell proliferation of the smooth muscle
cell layer lining the renal pelvis, resulting in
decreased thickness of this layer in the renal pel-
vis and proximal ureter. Mutational inactivation
of Agtr2 (encoding angiotensin receptor-2)
results in a range of anomalies including vesico-
ureteral reflux, duplex kidney, renal ectopia, ure-
teropelvic or ureterovesical junction stenoses,
renal dysplasia or hypoplasia, multicystic dys-
plastic kidney, or renal agenesis [231]. Agtr2 null
mice demonstrate a decreased rate of apoptosis
of the cells around the ureter, suggesting that
Agtr2 also plays a role in morphogenetic remod-
eling of the ureter.

1.3.6.6 Terminal Differentiation
of Collecting Ducts

Ureteric bud epithelial cell differentiation results
in the formation of two functionally distinct
mature cell types — principal cells and interca-
lated cells. Principal cells (PC) are characterized
by the expression of aquaporin-2 water channels
(encoded Agp2) and are necessary for water
homeostasis [22]. Intercalated cells (IC) are
required for acid-base balance and excrete either
hydrogen ions (alpha-intercalated cells) or bicar-
bonate (beta-intercalated cells) [347]. In the
mature kidney, PCs and ICs are relatively distrib-
uted throughout the entire collecting duct system
in a manner such that the ratio of PC to IC
increases towards the papilla [22]. In the devel-
oping kidney, immature PCs and ICs initially
express functional markers for both mature cell
types [22]. Terminal differentiation results in PCs
and ICs acquiring gene expression patterns that
reflect their cell type-specific functions.

A number of signaling mechanisms that have
been implicated in controlling the relative ratio
of PCs to ICs during collecting duct development
include the forkhead transcription factor gene,
Foxil, Notch signaling, and Wnt signaling. Foxil
is required for IC cells to form as Foxil null mice
displayed embryonic kidneys with collecting
ducts lacking in IC cells without abnormal
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formation of PC cells [22]. A mechanism involv-
ing activation of Notch receptor signaling appears
to favor the formation of PCs over ICs as the ratio
of PC/IC is reduced in mice when Notch signal-
ing is perturbed [147, 193]. Wnt signals play a
role in patterning cell types within the collecting
duct system by maintaining UB cells in an imma-
ture state. This was shown in mice by deleting
beta-catenin (Ctnnbl) in the UB lineage, which
resulted in premature cell differentiation as
revealed by the ectopic expression of mature CD
cell markers (e.g., ZO1 and aquaporin-2; Agp2)
in UB tip cells [32, 137, 188]. In addition, Wnt7b,
which is expressed in branch trunks, appears to
promote the formation of PC cells by regulating
collecting duct elongation and OCD [375].

1.3.7 Nephron Development

1.3.7.1 Overview of Nephron
Development
In humans, the first functioning nephrons are
formed by week 9 and excrete urine by week 12.
By 34-36 weeks gestation, fetal nephrogenesis is
completed, following which no new nephrons are
formed [126, 261]. Total nephron number varies
tenfold in humans with normal kidney function
and is reported to range from 200,000 to
2,000,000 [129, 131]. Environmental and genetic
factors can impact on total nephron number [127,
211], and low nephron number at birth is associ-
ated with the development of hypertension and
renal disease in adulthood [30, 31, 183]. Infants
with low birth weight as a result of intrauterine
growth retardation and premature birth are par-
ticularly susceptible to adult renal disease since
low birth weight correlates strongly with reduced
nephron endowment (Table 1.5) [74, 131, 278].
Nephron formation is initiated when a sub-
population of condensed mesenchyme cells is
induced to enter a program of epithelial cell dif-
ferentiation. This process of differentiation is
termed mesenchymal-epithelial transformation
(MET) and ultimately generates all epithelial cell
types comprising the mature nephron, including
the visceral and parietal epithelium of the glom-
erulus, the proximal convoluted tubule, the
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Table 1.5 Susceptibility factors for hypertension and
renal disease in humans associated with low nephron
number [181]

Susceptibility factor References
Low birth weight [125, 187, 278]
Preterm birth [125, 278]

Short stature

Reduced kidney mass or
volume

[129, 238, 315]
[234, 301, 321, 378]

Maternal gestational diabetes [7,225]

ascending and descending limbs of the loops of
Henle, and the distal convoluted tubule [261,
298]. MET results in the conversion of loosely
associated, non-polarized mesenchymal cells
into tightly associated, polarized epithelial cells,
which form primitive tubules. Tubule formation,
or tubulogenesis, is characterized by the appear-
ance of morphologically distinct epithelial struc-
tures (viz., pre-tubular aggregates, renal vesicles,
comma-shaped bodies, and S-shaped bodies)
which are generated throughout kidney develop-
ment according to stereotypic sequence
(Fig. 1.10). Pre-tubular aggregates are solid cell
clusters which represent the progenitor cell sub-
population of condensed mesenchyme that is
induced to differentiate along a nephron-specific
epithelial cell lineage. Renal vesicles are hollow
structures deriving from pre-tubular aggregates
which are comprised of immature epithelial cells
that begin to show patterns of nephron segment-
specific gene expression. Comma-shaped bodies
are transitional structures which convert renal
vesicles into S-shaped bodies. S-shaped bodies
are tubular structures which may be considered
as primitive nephrons based on segment-specific
differences in cellular morphology and gene
expression. The following sections describe mor-
phogenetic events which occur at each step of
nephron development based on observations in
human fetuses and mouse embryos [261, 298].

1.3.7.2 Early Stages of Nephron
Development

Pre-tubular aggregates form as a localized oval-

shaped cluster of cells separated from con-

densed mesenchyme situated near the base of

the UB ampulla. Appearance of the pre-tubular
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Fig. 1.10 Overview of nephron morphogenesis. (a)
Metanephric mesenchyme (MM) responds to signals
from the ureteric bud (UB) branch tip by condensing
around its leading edge. Condensed mesenchyme (CM)
contains self-renewing nephron progenitor cells which
contribute to the generation of all glomerular and tubular
epithelial cells of the mature nephron. (b) A subpopula-
tion of CM proximal to ureteric bud branch form a pre-
tubular aggregate (PTA). PTA cells subsequently undergo
epithelial transformation and form a hollow structure, the
renal vesicle (RV), which connects with its adjacent ure-
teric bud branch tip (UT). (c) Transitional structures are

aggregate coincides with MET as mesenchymal
cells within this cluster acquire a polarized, epi-
thelial cell phenotype, including the formation
of adherens junctions and a partial basement
membrane [12, 101]. Simultaneous with epithe-
lialization, an internal cavity forms within the
pre-tubular aggregate, at which point the struc-
ture is called a renal vesicle. The initial renal
vesicle is a spherical hollow ball which elon-
gates and widens at the end which is distal to the
UB ampulla. The renal vesicle subsequently
abuts against the ampulla and forms a connec-
tion between these two structures, permitting
the UB lumen to communicate with the internal
cavity of the renal vesicle [12]. Fusion with the
ampulla is a relatively late event in renal vesicle
morphogenesis and requires restructuring of the
UB cell basement membrane [101]. A com-
pletely patent lumen linking the primordial
nephron to the UB is evident by the late comma-/
early S-shaped body stage [101].

generated by the formation of a distal and proximal cleft
within the RV, resulting in formation of a comma-shaped
body (CB) and S-shaped body (SB). The distal cleft is
invaded by endothelial cell precursors which form the
glomerular capillary network. (d) The mature nephron is
characterized by morphologically and functionally dis-
tinct epithelial segments: the glomerulus (GL), proximal
convoluted tubule (PT), loop of Henle (LH), and distal
convoluted tubule (DT). The nephron is connected at its
distal end to the ureteric bud-derived collecting duct (CD)
(Reproduced with modifications from Little et al. [176],
Copyright 2010, with permission from Elsevier)

The establishment of glomerular and tubular
domains (referred to as nephron segmentation)
is initiated by the sequential formation of two
clefts in the renal vesicle [261]. Creation of a
lower cleft that termed the vascular cleft heralds
formation of the comma-shaped body. The
comma-shaped body is a transient structure that
rapidly undergoes morphogenetic conversion
into an S-shaped body following the appearance
of an upper cleft. Segmentation is clearly distin-
guished in S-shaped bodies by the organization
of cells into three distinct sub-compartments or
limbs. The middle and upper limbs give rise to
the proximal and distal tubular segments of the
mature nephron, respectively, while visceral and
parietal epithelia of the mature glomerulus
derive from the lower limb [261, 298].
Prospective cells of the loop of Henle are
thought to be first positioned at the junctional
region of the middle and upper limbs of the
S-shaped body [223].
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Fig. 1.11 Glomerular development. (a) Endothelial cells
are recruited into the cup-shaped glomerular precursor
region of the S-shaped body forming a primitive vascular
tuft. (b) Podocyte precursors contact invading endothelial
cells and begin to differentiate. In turn, endothelial cells
form a primitive capillary plexus (capillary loop stage).
(¢) An interposed glomerular basement membrane forms
between podocytes and endothelial cells. Parietal epithe-
lial cells encapsulate the developing glomerulus. (d, left

As the vascular cleft broadens and deepens,
the lower limb of the S-shaped body forms a cup-
shaped unit (Fig. 1.11a). Epithelial cells lining
the inner wall of this cup will ultimately generate
visceral glomerular epithelial cells, or podocytes
[164, 261]. Cells lining the outer wall of the cup
form parietal glomerular epithelium, or
Bowman'’s capsule. The vascular cleft also serves
as an entry portal for the migration of endothelial
and mesangial progenitor cells which subse-
quently differentiate and organize into the glo-
merular vascular tuft [89, 277]. Recruitment of
endothelial and mesangial precursors into the
vascular cleft coincides with the formation of a
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panel) Elaboration of podocyte primary and secondary
cellular processes accompanies podocyte differentiation
and formation of the glomerular filtration barrier. (d, right
panel) A high-magnification electron micrograph show-
ing the fenestrated endothelium, podocyte foot processes
and slit diaphragms located between the interdigitating
foot processes (Reproduced from Piscione and Waters
[257], with permission)

primitive vascular plexus and the deformation of
the S-shaped body lower limb into a cup-like
structure [261] (Fig. 1.11b). This denotes the
capillary loop stage of glomerulogenesis.

The fetal origin of endothelial and mesangial
cells is unknown. Endothelial and mesangial
cells have been thought to share a similar origin
based on experimental evidence involving autol-
ogous transplantation of embryonic kidney rudi-
ments into adult renal cortex. These studies
suggest that glomerular endothelial and mesan-
gial precursors originate from a unique subpopu-
lation of induced metanephric mesenchyme that
does not differentiate along epithelial or stromal
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lineages [134, 275, 277]. This theory is supported
by another study showing a conserved mecha-
nism for both endothelial and mesangial precur-
sor cell recruitment into the developing
glomerulus [89]. However, conflicting evidence
comes from experiments involving rodent fetal
kidneys engrafted onto avian chorioallantoic
membrane which support the potential role of
angiogenesis in glomerular capillary tuft [296].

Cells residing along the inner surface of the
lower S-shaped body limb represent nascent
podocytes (Fig. 1.11a). At this stage, immature
podocytes are proliferative and exhibit a colum-
nar shape, apical cell attachments, and a single-
layer basement membrane [164]. At the capillary
loop stage, podocytes lose their mitotic capability
[219] and begin to demonstrate a complex
cellular architecture (Fig. 1.11d, left panel),
including the formation of actin-based cytoplas-
mic extensions, or foot processes, and the forma-
tion of specialized intercellular junctions, termed
slit diaphragms [100, 246] (Fig. 1.11d, right
panel).

1.3.7.3 Nephron Maturation
Maturation of glomerular and tubular segments
of the developing nephron is characterized by
morphological changes reflecting growth. The
most striking changes occur in the proximal con-
voluted tubule and loop of Henle, which show
increased tortuosity with maturation and elonga-
tion, respectively [261]. At a cellular level, proxi-
mal tubular epithelial cells transition from a
columnar to a cuboidal cell phenotype and
develop microvilli on their apical surfaces [92].
Proximal tubule growth is reflected by a gradual
increase in tubular diameter and length and is
dependent on oriented cell division [324]. At
birth, the human kidney exhibits variation in
proximal tubule length from the outer to inner
cortex, which becomes uniform by approxi-
mately 1 month of postnatal life [97]. From a
functional perspective, proximal tubule length
correlates strongly with sodium reabsorption
such that immature proximal tubules have a lim-
ited capacity to reabsorb filtered sodium [322].
The descending and ascending limbs of the
primitive loop of Henle are first recognizable as a
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U-shaped structure in the periphery of the devel-
oping renal cortex [221, 223]. Maturation of the
primitive loop involves elongation of both
ascending and descending limbs through the cor-
ticomedullary boundary. Longitudinal growth of
the medulla contributes to lengthening of the
loops of Henle such that all but a small percent-
age of the loops of Henle extend below the corti-
comedullary junction in full-term newborn
infants [261]. As the kidney increases in size
postnatally, the loops of Henle further elongate
and reach the inner two-thirds of the renal
medulla in the mature kidney.

Continued maturation of the loop of Henle is
accompanied by specialization of descending and
ascending limb epithelial cells as they acquire
unique transport functions [224]. Regional speci-
fication of cell function is essential to the kid-
ney’s urine-concentrating  mechanism  as
differential transport of urine water and solutes
along its descending and ascending limbs, respec-
tively, contributes to generation of an interstitial
medullary tonicity gradient. Maintenance of this
interstitial tonicity gradient is functionally cou-
pled to urine concentration by rendering a favor-
able gradient within the medulla for water
reabsorption from collecting ducts. Consequently,
longer loops are more capable of generating
steeper medullary tonicity gradients, hence favor-
ing an increased urine-concentrating capacity.
The clinical significance of this relationship is
best illustrated in extremely premature newborn
infants who have small kidneys that feature short
loops of Henle owing to the reduced distance
between the renal capsule and the renal papilla.
Consequently, the urine-concentrating capacity
of the premature kidney is limited by generation
of a shallow medullary tonicity gradient.

Glomerulogenesis is completed in human
fetuses by 36 weeks gestation in accordance with
cessation of nephrogenesis. At birth, superficial
glomeruli are chronologically the last to be
formed and are significantly smaller than juxta-
medullary glomeruli, which are the earliest
formed glomeruli [97]. Subsequent growth and
maturation involves hypertrophy, with glomeruli
reaching adult size by 3 %2 years of age [97].
Glomerular hypertrophy likely plays an important
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role in glomerular filtration rate (GFR) matura-
tion in term infants who have completed kidney
development and enter postnatal life with their
full complement of glomeruli [282]. Other factors
affecting glomerular function in the newborn
term and preterm infant are renal blood flow,
which increases at birth [156, 344], and glomeru-
lar filtration barrier surface area, which expands
progressively from birth to adulthood [97].

The glomerular filtration barrier is a physio-
logic module comprised of glomerular capillary
endothelial cell fenestrations, slit diaphragms
which are modified cell-cell junctions between
adjacent podocyte foot processes, and the glo-
merular basement membrane which lies inter-
posed between podocytes and glomerular
capillary endothelium (reviewed in Kreidberg
[164]; Pavenstadt et al. [246]). The capillary loop
stage of glomerulogenesis marks a critical time
point in glomerular maturation since it is at this
stage that endothelial fenestrations form and
podocytes transition from an immature to mature
cellular phenotype [89, 164].

1.3.7.4 Genes Implicated in
Mesenchymal-to-Epithelial
Transformation and Nephron
Development
Throughout embryonic kidney development,
undifferentiated nephron epithelial progenitor
cells are marked by high levels of expression for
Citedl and Six2 in condensed mesenchyme sur-
rounding the UB tips. Mesenchymal-to-epithelial
transformation (MET) coincides with an initial
decrease in the expression of Cited! and a subse-
quent progressive decline in Six2 expression
within a subpopulation of cells which will even-
tually form pre-tubular aggregates. It is not
known what regulates these changes in Citedl
and Six2 expression, although a decline in Citedl
expression within condensed mesenchyme cells
seems to be necessary for epithelial transforma-
tion to occur [214].

In response to Wnt9b, cells with declining
Six2 activity show upregulated expression of a
number of genes necessary for the formation of
epithelial tubes, including Fgf8, Wnt4, and LhxI
[244] (Fig. 1.12). Fgf8 and Wnt4 are essential for
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Fig.1.12 Genes involved in regulating mesenchymal-to-
epithelial transformation and establishment of proximal
and distal nephron cell fates during early nephron devel-
opment. Shown is a schematic representation of a
branched ureteric bud (blue area) with condensed mesen-
chyme (CM; pink area) surrounding the branch tips. A
pre-tubular aggregate (PTA; yellow area) and renal vesi-
cle (RV; orange area) are also represented. The diagram
illustrates expression domains of genes involved in sev-
eral stages of early nephron morphogenesis: mesenchyme
induction (Gdnf, Eyal, Pax2, HoxlI paralogs, Wnt9b),
nephron progenitor cell self-renewal and/or survival
(Six2, Salll, Bmp7, Wtl, and Fgf2), epithelial transforma-
tion (Fgf8, Wnt4, Lhx1), and early nephron segmentation
(Wnt4, Lefl) and the formation of proximal and distal
nephron segments (Wt1, DIl1, Pou3f3) (Reproduced with
modifications from Little et al. [176], Copyright 2010,
with permission from Elsevier)

initiating the epithelial cell differentiation as
demonstrated by the epithelialization defects in
embryonic kidneys of Fgf8 and Wnr4 mutants,
which show kidney development arrest at the
PTA stage [106, 251, 323]. Lhx] is not essential
for the initial stages of epithelialization since
PTA is evident in kidneys of Lhx/ embryonic
mutant mice before kidney development is halted
at the RV stage [157]. Molecular studies have
revealed that Fgf8 is expressed earlier than Wnt4
and is required for the expression of Wnt4 and
Lhx1 in induced MM [106, 251]. Once MET is
initiated, Wnt4 maintains its own expression and
likely functions in a cell-autonomous fashion
[151]. The initial functions of Wnt proteins dur-
ing MET are thought to be dependent on canoni-
cal signaling mechanisms involving beta-catenin.
Activation of this pathway is likely transient since
sustained beta-catenin activity within Citedl-
negative, Six2-positive, Wnt4-positive cells is
shown to prevent epithelial tubule formation in
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transgenic mice [244]. Several reports suggest
that epithelial cell differentiation and tubulogen-
esis depend on noncanonical Wnt/planar cell
polarity (PCP) signaling pathways [36, 330]. This
transition in Wnt signaling may involve Dkk1, an
inhibitor of canonical Wnt signaling, which is
upregulated in Wnt4-expressing cells as they
transition from pre-tubular aggregates to renal
vesicles [101].

Nephron segmentation refers to the process
which establishes gene expression domains that
promote the formation of glomerular and tubular
epithelial cells along the proximal-distal axis of
the developing nephron. As early as the renal
vesicle stage, proximal-distal expression domains
are established as illustrated by the complemen-
tary gene expression of patterns of Wnt4 and Lef1
(encoding lymphoid enhancer-binding protein 1)
(Fig. 1.12), which is a downstream target of Wnt
signals [214]. Expression studies show that Wn#4
is localized to distal RV cells which are closest to
the UB, while proximal RV cells which are fur-
thest from the UB express Lefl. Other genes
which define the “distal domain” include the
POU domain homeobox gene Pou3f3 (aka Brnl),
which is required for the formation of loops of
Henle [221], and Delta-like 1 (DIl1) and Jagged1
(Jagl), which are membrane-associated proteins
that activate Notch receptor signaling and are
implicated in setting up the proximal-distal axis
during early nephron development [55].
Conversely, proximal domain markers include
Wtl, which is necessary for normal podocyte
development [112], and TmemlI00, which
encodes a transmembrane protein whose function
in kidney development is unknown [101].

Establishing and/or maintaining segment-
specific patterns of epithelial cell differentiation
during early nephron development is dependent
on the functions of Lhx/ and genes encoding
members of the Notch signaling pathway. Lhx/
appears to control the decision between adopting
a glomerular and a tubular epithelial cell fate.
This role was revealed in a chimeric study involv-
ing the analysis of embryos comprised of a
mosaic of wild-type cells and cells deficient in
Lhx1 activity [157]. This study showed that Lhx]
function was dispensable for the formation of
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glomerular epithelial cells as only wild-type cells
(i.e., cells with full LAx] activity) were detected
within proximal and distal tubular segments of
the mature nephron, whereas glomerular epithe-
lial cells (i.e., podocytes and cells of Bowman’s
capsule) were comprised of a mosaic of wild-
type cells and Lhxl-deficient cells [157].
Analyses of temporal patterns of gene expression
within the developing kidney reveal that the
onset of Lhx] expression in cells of pre-tubular
aggregates follows the induction of Fgf8 and
Wnt4 and is subsequently expressed in all cells of
renal vesicles as these structures progress along
their morphogenetic sequence [157]. LhxI pro-
motes the expression of Pou3f3 and DIl1, which
have explicit roles in segment-specific epithelial
cell differentiation. Pou3f3 is essential for forma-
tion of loops of Henle as well as terminal differ-
entiation of distal tubule epithelial cells [221]. In
contrast, DIlI is implicated in the formation of
proximal tubules as embryonic mice with a hypo-
morphic mutation for DII] showed a reduction in
proximal tubules [55].

Proteins encoded by DIII (Delta-like 1) and
Jagl (Jaggedl) belong to a family of membrane-
bound ligands which bind and activate transmem-
brane Notch receptors on the surface of
neighboring cells [312, 313]. Notch receptor acti-
vation regulates progenitor cell proliferation and
differentiation in many organ systems (reviewed
in Chiba [62]). The defect in proximal tubule for-
mation exhibited by DII] hypomorphic mutants is
consistent with several reports showing that
Notch signaling is essential for the formation of
glomerular and proximal tubule segments of the
nephron [55, 191]. Among genes which encode
Notch signaling pathway molecules in mammals,
Notchl and Notch2 receptor genes and ligands
Jagl and DIlI are expressed in RVs and S-shaped
bodies in non-overlapping expression domains
[54, 258]. Genetic studies show that Notch?2 is the
dominant receptor since conditional deletion of
Notch2 in MM results in the formation of rudi-
mentary nephrons comprised of cells expressing
distal tubule markers and lacking podocytes and
proximal tubule cells [55]. In contrast, a require-
ment for Notchl in proximal nephron formation
was only revealed in Notchl conditional mutants
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when the gene dosage of Notch2 is halved [324].
At later stages of tubular development, Notchl
and Notch2 cooperatively regulate OCD in devel-
oping proximal tubules, which is necessary to
prevent cystic dilatation and malignant transfor-
mation to renal cell carcinoma-like tumors [324].
A role for Notch signaling in glomerular develop-
ment was suggested by the analysis of a mouse
model for Alagille syndrome caused by a hypo-
morphic mutation in Notch2 [191, 192]. In
humans, Alagille syndrome is characterized by a
multisystem disorder featuring heart, eye, liver,
skeletal, and renal defects with variable pene-
trance [5, 87]. The kidneys of mice with two
hypomorphic Notch2 alleles or one hypomorphic
Notch?2 allele combined with one Jag! loss-of-
function allele were hypoplastic and featured
glomeruli arrested in their development at the
capillary loop stage [191, 192]. The primary glo-
merulogenesis defect in these mice was attributed
to failure to form the vascular tuft, although it was
not clear from the analysis whether this resulted
from a defect in the initial formation or differen-
tiation of podocytes or, alternatively, abnormal
migration of endothelial and mesangial cells into
the vascular cleft. Thus, while Notch signaling
appears to be critical for the formation of glom-
eruli and proximal tubules, additional studies are
still required to determine what role, if any, Notch
signaling plays in governing cell fate decisions
which affect podocyte cell differentiation.
Mechanisms that control the differentiation of
nephron epithelial cell progenitors into podo-
cytes are poorly understood although evidence in
nonmammalian urogenital systems, such as
zebrafish and Xenopus, have implicated two tran-
scription factor genes, Foxc2 and Wt1, in this pro-
cess [235, 358]. In the developing mouse kidney,
Foxc2 expression is first detected along the inner
surface of the vascular cleft in comma-shaped
bodies, which is the position occupied by podo-
cyte progenitors during the morphological transi-
tion from comma-shaped body to S-shaped body
[326]. Subsequently, Wt/ expression is upregu-
lated in the same cells at the S-shaped body stage
[248]. The role of Wt/ in podocyte differentiation
is not evident through the analysis of W/ knock-
out mice since development is arrested at MM
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induction [165]. However, a role for WTI in
podocyte differentiation is suggested by the
occurrence of diffuse mesangial sclerosis in
humans with dominant mutations in WTI [67,
144, 177, 245]. Diffuse mesangial sclerosis is a
congenital form of proteinuric glomerulopathy
which is characterized by defects in podocyte dif-
ferentiation [369] and is featured along with
gonadal defects in humans with Denys-Drash
(OMIM: 194080) and Frasier syndromes
(OMIM: 136080), which are caused by dominant
WT1 mutations [10, 67, 154]. The identical glo-
merular phenotype in mice is demonstrated in
mice with targeted Wrl mutations genetically
similar to the W7/ mutation in humans with
Denys-Drash syndrome [99, 112, 114, 245],
which serves as additional evidence that Wt/ has
an important role in podocyte differentiation.
Several studies have shown that Wtl acts as a
transcriptional activator by binding to the pro-
moters of a number of genes expressed in devel-
oping and mature podocytes including Vegf,
Nphsl (encoding nephrin), and Podx/ (podoca-
lyxin) [111, 115, 243, 349]. Recent studies in
zebrafish and Xenopus have suggested that func-
tions of Wtl, Foxc2, and Notch signaling con-
verge to regulate the expression of
podocyte-specific genes [235, 358]. Further iden-
tification of genes whose promoters bind WT1
will be essential to our understanding of WT1
function in glomerular development [120].

Podocyte terminal differentiation relies on
the function of a number of transcription factors,
including those encoded by transcription factor
21 (Tcf21; also known as Podl), LIM homeobox
transcription factor 1 beta (LmxIb), and the
Kreisler leucine zipper homolog Mafb. In mice
with loss-of-function mutations in Tcf21,
Lmx1b, and Mafb, glomerulogenesis is dis-
rupted, and podocytes show altered expression
of structural genes (e.g., nephrin, collagen type
IV) which become evident at the capillary loop
stage (in the case of Tcf21 mutant mice) or later
(in the case of LmxIb and Mafb mutants) [201,
272, 285]. In humans, LMXI1b mutations are
identified in patients with Nail-Patella syn-
drome, which is associated with focal segmental
glomerulosclerosis [78].



1 Development of the Kidney and Lower Urinary Tract

Recruitment of endothelial and mesangial pre-
cursors and subsequent formation and assembly
of the glomerular capillary tuft require vascular
endothelial growth factor (VEGF) and platelet-
derived growth factor-B (Pdgfb). VEGF is
secreted by podocyte precursors of early S-shaped
bodies and continues to be secreted by mature
podocytes in postnatal life [153]. During early
glomerulogenesis, VEGF promotes recruitment
of angioblasts into the vascular cleft [337]. This
process is tightly regulated as severe glomerular
defects result in mice when the gene dosage of
Vegf is genetically manipulated [89, 90].

Pdgfb is expressed by endothelial cells and
binds to its receptor, PDGF receptor-beta
(Pdgfrb) [175], on the surface of mesangial cell
precursors to promote inward migration into the
vascular cleft of S-shaped bodies. The function
of this axis is required for proliferation and
assembly of glomerular capillaries and mesan-
gium as revealed by the absence of glomerular
capillary tufts in mice deficient of either Pdgfb or
Pdgfrb [168, 320].

During the S-shaped stage, podocyte progeni-
tors express a primitive glomerular basement
membrane which is composed predominantly of
laminin-1 and -1 and «-2 subchains of type IV
collagen [202]. During glomerular development,
composition of the glomerular basement mem-
brane undergoes transition as laminin-1 is
replaced by laminin-11, and a-1 and a-2 type IV
collagen chains are replaced by a-3, a-4, and a-5
subchains [202]. As demonstrated in several
mouse models, failure of these changes result in
severe structural and functional defects [200,
203, 233].

1.3.7.5 Cessation of Nephrogenesis

At the morphologic level, the final stages of
nephrogenesis are marked by a progressive
absence of ureteric bud ampullae and a decline in
the density of Six2-positive, Citedl-positive
nephron epithelial progenitor cells within cap
condensates [158]. The mechanism that triggers
this change in progenitor cell self-renewal and
differentiation is unknown. A recent report
described three-dimensional modeling of the
nephrogenic zone in postnatal mice and revealed
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that a rapid wave of mesenchymal cell differen-
tiation occurs during the final stages of nephro-
genesis with the induction of multiple nephrons
around a single UB tip [283]. Thus, it is possible
that mass induction exhausts the self-renewing
progenitor cell pool, perhaps because the signal
for self-renewal is no longer present in sufficient
quantity [123]. In line with this view, nephrogen-
esis might be prolonged if progenitor cell self-
renewal and/or survival was restored by providing
the necessary signal or stimulus [123]. A study
involving uninephrectomized fetal sheep showed
that removing one kidney in utero accelerated the
rate nephron induction in the remaining kidney
[74], indicating that the developing kidney in
some species may compensate for loss of neph-
ron mass in utero. It is tempting to speculate,
then, that nephrogenesis could be “rescued” in
utero in humans by intervening prior to 34-week
gestation in human fetuses with renal hypoplasia
or in fetuses exposed to maternal factors (e.g.,
maternal malnutrition) that affect final nephron
endowment [167, 187, 362, 380]. The evolution
of functional genomics and high-throughput gene
expression technologies has rapidly advanced
our understanding of genes and pathways
involved in starting and stopping nephrogenesis
[35, 52, 305] in humans [124, 264]. Validating
these studies through functional analyses should
provide a clearer understanding of the mecha-
nisms involved in establishing final nephron
number.

1.4 Ureter Development

The mature ureter is a muscle-walled tube which
acts as a conduit for urine flow from the kidney to
the bladder. Its luminal surface is covered by a
water-impermeable, stratified epithelium which is
termed urothelium. Smooth muscle cells encom-
pass the mature ureter along its proximal-distal
length (Fig. 1.13) and propagate urine flow by
peristalsis. In humans, ureteral malformations are
represented by a heterogeneous group of
anatomical defects, including ureteral agenesis,
duplication, ectopia, and strictures, as well as ure-
teral dilatation (or hydroureter) which may be
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Fig. 1.13 Photomicrograph of a mature, human ureter in
cross section at the mid-length. Longitudinal and spiral or
circular smooth muscle layers are denoted (Reproduced
from Woodburne [361], with permission)

associated either with urinary tract obstruction
above or below the bladder or secondary to an
intrinsic defect in smooth muscle peristalsis [205].
Traditional views on normal ureter development
have stemmed largely from pathological descrip-
tions of human fetal ureter defects from autopsy
specimens [184]. Conventional concepts on ureter
development have been challenged by the results
of recent studies which have rendered new insights
on normal and abnormal ureter morphogenesis
[17, 61, 339]. Likewise, phenotypic analyses in
mouse genetic mutants with ureteral malforma-
tions have been highly informative in clarifying
developmental disruptions which underlie these
anomalies. The following section reviews current
concepts of ureter development in humans and
draws inferences from studies in mice. This infor-
mation serves as a foundation for understanding
the pathophysiological basis of human congenital
urinary tract obstruction syndromes.
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1.4.1 Normal Ureter Morphogenesis
Normal ureter development follows a complex
sequence of events initiated by UB outgrowth
and elongation and succeeded by a process of
maturation which involves smooth muscle and
urothelial cell differentiation, distal ureter remod-
eling, and formation of a connection with the
developing bladder (Fig. 1.14). Following UB
outgrowth, the truncal segment of UB elongates
and initiates a series of reciprocal interactions
with surrounding mesenchyme that induces peri-
ureteral mesenchyme to differentiate into ureteral
smooth muscle and UB cells to transform into
urothelium. Initially, the ureter is separated from
the primitive bladder (represented at this stage by
the upper urogenital sinus) by the common neph-
ric duct, which intervenes between the ureteric
bud and the urogenital sinus. The common neph-
ric duct subsequently degenerates, and the ureter
separates from the nephric duct to form a connec-
tion to the bladder. A more detailed description of
this process is provided in Sect. 1.5.2.

The initial stages of ureter development are
common to both sexes. In humans, this occurs at
approximately weeks 11-12 of gestation [189,
325] and E15.5 in mice [16]. Once the common
nephric duct degenerates and the ureter separates
to connect with the bladder, the disconnected
nephric duct migrates posteriorly and unites with
tissues derived from the lower urogenital sinus,
which adopt different fates in males and females.
In males, the paired nephric ducts enter the pre-
sumptive prostatic urethra and contribute to the
bilateral formation of seminal vesicles and ejacu-
latory ducts. In females, the anterior nephric duct
degenerates in response to a lack of androgen
production. Posterior segments become incorpo-
rated into the Mullerian duct-derived lower third
of the vagina and may persist in mature females
as vestigial structures [23, 77, 276].

The newly formed ureter is represented by a
single-cell-lined epithelial tube surrounded by a
loose network of undifferentiated mesenchymal
cells. Studies on first-trimester fetal autopsy
specimens have revealed that the immature ureter
is patent between gestation weeks 5 and 7 and
then is periodically obstructed by epithelial cells
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Fig. 1.14 Early stages of distal ureter morphogenesis.
(a) Ureter formation requires that the nephric duct (ND)
extend posteriorly to reach and fuse with the cloaca/uro-
genital sinus. (b) The ureteric bud (UB) develops as an
outgrowth of the posterior nephric duct in response to sig-
nals emanating from the metanephric mesenchyme (MM).
(¢) The UB invades the MM and branches to form the

and proceeds through repetitive cycles of recana-
lization during the elongation phase of develop-
ment [6, 281]. By gestation week 12, this process
of recanalization is complete, and the normal ure-
ter remains as a hollow tube for the rest of its
development. The purpose of this cycle of
obstruction and recanalization in human fetal
ureter development is not known; however, these
processes appear to be unique to ureter morpho-
genesis since they are not documented in other
ureteric bud-derived structures, such as renal col-
lecting ducts and the pelvicalyceal system [240,
241]. One suggestion is that this process may be
required to transform the luminal of the nascent
ureter from a single layer of cells into a stratified
urothelium [182]. Between weeks 12 and 15, the
immature ureter epithelium transforms from a
monolayer to a pseudostratified epithelium which
is characterized by the expression of apical pro-
teins called uroplakins (in mice, encoded by
UpklI or Upkllla) [162]. Uroplakins confer water
impermeability to the urothelial surface. In
humans, mutations in UPKIIIA have been associ-
ated with ureteral malformations including vesi-
coureteral reflux and multicystic dysplastic
kidney (OMIM: 611559), the latter which is asso-
ciated with a ureter that lacks a patent lumen
[146, 302].

Between 5 and 8 weeks gestation, the fetal
kidney ascends to its stereotypic position from
the sacral region to the upper lumbar segments.
Ureteral smooth muscle formation is evident by
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collecting duct system. The section of ureteric bud located
between the MM and ND differentiates into the ureter.
The nephric duct segment located between the ureter and
cloaca/urogenital sinus represents the common nephric
duct. This segment is eliminated by apoptosis during dis-
tal ureter maturation (Reproduced with modifications
from Uetani and Bouchard [340], with permission)

approximately week 12 of gestation in the human
fetus [189, 325] (E15.5 in mice) [50, 374]. Initial
events involve the aggregation and proliferation
of periureteral mesenchymal cells which form
condensations around the nascent ureters [374].
Condensates are subsequently induced to undergo
smooth muscle cell differentiation and are char-
acterized by an increase in smooth muscle actin,
smooth muscle myosin heavy chain, and SM22,
which is an early marker of smooth muscle cell
differentiation [50, 374]. Smooth muscle cell dif-
ferentiation is initiated in the region surrounding
the proximal ureter and renal pelvis and contin-
ues in a proximal to distal manner until the entire
ureter is covered by smooth muscle by week 22
[189, 325]. Differentiated smooth muscle cells
are assembled into fibers which are arranged in
spiral bundles around the developing ureter. By
week 17, a second inner layer of smooth muscle
is generated and assembled into longitudinal
bundles. Longitudinal smooth muscle fibers are
restricted to the region surrounding the distal
two-thirds of the ureter and extend into the tunnel
formed by the ureter as it passes through the dor-
sal bladder wall [218, 346].

Urine flow from the kidney to the bladder is an
active process and is mediated by the peristaltic
activity of ureter smooth muscle. Peristaltic
activity is initiated within the region of the ure-
teropelvic junction (UPJ) and propagates distally
along the length of the ureter in a coordinated
fashion [66, 368]. During development, ureter
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peristalsis is evident by E15.5 in mice as soon as
the process of smooth muscle cell differentiation
has begun [70]. Onset of peristaltic activity coin-
cides with the presence of two pacemaker cell
populations — Cajal-like cells and HCN3 cells.
Cajal-like cells show similarity to interstitial
cells of Cajal (ICCs), which are pacemaker cells
that control smooth muscle peristalsis in the
intestinal tract [294]. ICCs and Cajal-like cells
are marked by the cell surface expression of the
receptor tyrosine kinase, c-kit [70, 334]. Cajal-
like cells are found within the lamina propria and
between smooth muscle fibers of the embryonic
mouse renal pelvis and proximal ureter regions
[40, 70, 133]. HCN3 cells are characterized by
the activity of hyperpolarization-activated cation
channels. These cells play a pivotal role in regu-
lating cell excitability in cardiac and enteric ner-
vous tissues [96, 365]. HCN3 cells are specifically
localized to the UPJ, and their function in this
region is thought to initiate unidirectional propa-
gation of smooth muscle peristalsis from
proximal to distal [133]. Based on immunohisto-
chemistry, abnormal patterns of pacemaker cell
distribution or number have been described in
resected ureteral tissues from children with con-
genital UPJ obstruction, suggesting that the cause
of this disorder may involve intrinsic defects in
pacemaker cell differentiation, survival, or migra-
tion [161, 319]. A recent report described the
occurrence of severe nonobstructive hydrone-
phrosis and hydroureter accompanied by com-
plete absence of c-kit-positive cells in the renal
pelvis and proximal ureter in a mouse model of
Pallister-Hall syndrome (OMIM: 146510) [40].
Pallister-Hall syndrome is a multisystem congen-
ital disorder in humans with urinary tract malfor-
mations in approximately 60 % of cases [113,
136]. PHS has been mapped to the GLI3 locus
[148], which encodes a transcription factor in the
Sonic Hedgehog signaling pathway that has acti-
vator or repressor functions depending on it
cleavage state [132]. In PHS, nonsense and
frameshift mutations result in constitutive GLI3
repressor activity, which abrogates Sonic
Hedgehog signaling [148]. When Sonic
Hedgehog signaling was genetically inactivated
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in a tissue-specific manner by deleting smooth-
ened (Smo), reduced numbers of c-kit positive
and HCN3 cells were associated with nonob-
structive hydronephrosis and ureter dyskinesia
[40]. Thus, Sonic Hedgehog signaling appears to
play a critical role in normal ureter development
and may cause of congenital urinary tract obstruc-
tion when activating this signaling pathway is
disrupted.

1.4.2 Molecular Control of Ureter
Development

Ureter smooth muscle formation and urothelial
cell maturation is coordinated by reciprocal
inductive interactions between mesenchymal and
epithelial compartments of the developing ureter.
Early in ureter development, immature urothelial
cells derived from the UB stalk secrete Sonic
Hedgehog, which acts on peri-ureteral condensed
mesenchyme through its cell surface receptor
Patchedl to stimulate cell proliferation and
induce expression of Bmp4 [374]. Inactivating
Shh in the mouse urinary tract delays ureteral
smooth muscle cell differentiation [374].
Proximal ureter segments of Shi null mice show
reduced amounts of smooth muscle whereas dis-
tal segments lack smooth muscle completely.
Bmp4 expression is completely lost in SZh mutant
ureters, suggesting that one role of Shh is to
maintain Bmp4 expression in the ureteral mesen-
chyme [3].

Bmp4 is uniformly expressed in ureter mesen-
chyme at early developmental stages and
becomes localized to areas of active smooth mus-
cle cell differentiation [374]. In vitro, BMP4 pro-
tein promotes the differentiation of peri-ureteral
mesenchyme into smooth muscle [29, 207, 274,
350]. In vivo, decreased BMP4 signaling either
by gene deletion in peri-ureteral mesenchyme
cells or by direct antagonism in organ culture
with proteins that sequester BMP4 protein (e.g.,
noggin, gremlin) resulted in a gradual reduction
of ureter smooth muscle [350]. These data serve
as strong evidence that Bmp4 plays a regulatory
role in the formation of ureteral smooth muscle.
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The ability of ureter mesenchyme to condense
and respond to epithelial-derived cues during
mouse ureter development depends on the gene
function of ThxI8. TbxI8 encodes a transcrip-
tion factor belonging to a family which share a
highly conserved DNA-binding region known
as the T-box and act as activators or repressors
depending on molecular context [220]. TbxI8
is exclusively activated in distal ureter mesen-
chyme prior to condensation and before Bmp4
expression is induced in this compartment [2].
When Tbhxi8 function is lost due to gene dis-
ruption in mice, ureteral mesenchyme fails to
condense, and mesenchymal Ptcl expression is
significantly downregulated, rendering mutant
mesenchyme unresponsive to Shh signals [2].
Moreover, urothelial cell expression of Shh is
present but detected at lower than normal levels
in Shh mutants, suggesting that the response of
peri-ureteral mesenchymal cells to secreted Shh
is dose dependent. Consequently, Bmp4 acti-
vation is blocked in mutant mesenchyme, and
Thx18~~ mutant mice display severely dilated
and truncated ureters that lack smooth muscle.
ThxI18 may also control local molecular cross
talk between mesenchymal and epithelial cell
populations that supports urothelial cell differ-
entiation. This is revealed in ThxI8~~ mutants
by showing that ureter epithelial cells fail to
proliferate and differentiate into a functional
urothelium, leading to the generation of a flat,
single-layered urothelium devoid of uroplakin
[2]. These data support the concept that growth
and differentiation programs of ureter smooth
muscle and urothelium are tightly coupled dur-
ing ureter development [3].

Smooth muscle formation proceeds in a ste-
reotypic manner from proximal to distal during
normal ureter development. Sonic Hedgehog sig-
naling is believed to promote this myogenic
sequence by controlling mesenchymal cell pro-
liferation along the proximal-distal axis of the
developing ureter. The proliferative functions of
Shh on peri-ureteral mesenchyme are first
observed at the proximal end of the ureter, which
initiates the myogenic program in that region
before more distal regions. In the absence of Shh,
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smooth muscle formation is significantly
delayed, such that the fewer mesenchymal cells
form condensations and transform into smooth
muscle at the proximal end of the ureter and
smooth muscle formation is absent at the distal
end of the ureter [374]. The effects of Shh on
smooth muscle development may be dependent
on Bmp4 since Bmp4 mRNA expression is lost in
Shh mutants. Evidence from mouse embryonic
organ culture studies suggests that Bmp4 is suf-
ficient to promote mesenchymal cell differentia-
tion into a ureter-specific smooth muscle
phenotype. This was demonstrated in experi-
ments using agarose beads soaked in recombi-
nant BMP4 which were placed ectopically near
UB-derived renal collecting ducts. These studies
showed that BMP4 was sufficient to induce ure-
ter smooth muscle differentiation around collect-
ing ducts, which secondarily caused renal
collecting duct cells to express urothelial cell
markers [29, 198].

Other genes implicated in proximal-distal ure-
ter smooth muscle patterning include teashirt
zinc finger homeobox 3 (Tshz3), which belongs
to a family of transcription factors with roles in
anterior-posterior patterning of embryonic tis-
sues [91, 94]. Tshz3 function is dispensable in
early ureter myogenesis for mesenchymal con-
densation and proliferation events but is required
later in proximal smooth muscle differentiation
programs [50]. During normal development,
Tshz3 is expressed in the mesenchyme along the
entire length of the ureter and is shown to be
upregulated by recombinant BMP4 in organ cul-
ture ex vivo [50]. Mice homozygous for a null
Tshz3 mutation exhibit nonobstructive hydroure-
ter and akinetic ureters which lack evidence of
smooth muscle cell differentiation within the
proximal regions of the ureter yet display normal
ureter smooth muscle cell differentiation distally.
The defect in Tshz3 null mice is thought to lie
downstream of Shh and Bmp4 since Ptcl and
Bmp4 expressions are unaffected in condensed
proximal mesenchyme and exogenous BMP4 is
incapable of rescuing proximal ureter smooth
muscle differentiation in 7shz3 mutant ureter
organ culture.
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1.5 Development of the Bladder

1.5.1 Normal Bladder
Morphogenesis

The mature urinary bladder is comprised of an
inner epithelial cell layer (i.e., bladder urothe-
lium) and an outer smooth muscle layer (anatom-
ically referred to as detrusor muscle). Bladder
urothelial cells are endoderm-derived and origi-
nate from the luminal epithelial cells from the
upper zone of the definitive urogenital sinus. In
contrast, bladder smooth muscle cells are meso-
dermal derivatives arising from surrounding
splanchnic mesenchyme.

Mesenchyme encompassing the primordial
bladder is spatially organized into three morpho-
logically distinct cell layers: (1) an outer adventi-
tial layer, (2) an inner subepithelial layer (which
lies next to the basal surface of immature urothe-
lium), and (3) an interposing subadventitial layer
[46]. Cells within all three layers have been
shown experimentally to be capable of differenti-
ating into smooth muscle cells [13]. However,
only mesenchymal cells within the adventitial
and sub-adventitial layers undergo smooth mus-
cle cell differentiation during normal bladder
development. In contrast, cells residing within
the subepithelial layer remain undifferentiated
throughout development.

In the human fetus, bladder smooth muscle
cell differentiation is variably reported to occur
between 7- and 12-week gestation (E13.5 in
mice) [102, 227, 314]. At 10 weeks, the primitive
bladder has a distinct outer muscle layer consist-
ing of a continuous sheet of closely packed cells
[102]. By 11 weeks, muscle fibers of the bladder
wall form a meshwork of interlacing smooth
muscle bundles. With the exception of the blad-
der neck, bladder musculature in the human fetus
consists of large smooth muscle bundles arranged
as an intermingling network in the absence of
distinct layers by week 12 of gestation [102]. In
the bladder neck, smooth muscle is replaced by a
layer of undifferentiated mesenchyme which is
in continuity with similar cells surrounding the
urethral wall. Between 12 and 14 weeks, a collar
of circularly oriented smooth muscle forms

J.R.P. dos Santos and T.D. Piscione

around the bladder neck. At 18 weeks, a rela-
tively thin layer of smooth muscle is distin-
guished in the region of the trigone and extends
into the bladder neck to merge with urethral
smooth muscle.

1.5.2 Molecular Mechanisms
Involved in Bladder
Development

Bladder smooth muscle cell differentiation
occurs in response to inductive signals emanat-
ing from urothelial cells [13]. Expression studies
implicate Sonic Hedgehog as a strong candidate
for this role since Shh is expressed in developing
bladder urothelium, and genes which are acti-
vated by Sonic Hedgehog signaling (e.g., Ptcl,
Glil, Bmp4) are expressed in adjacent mesen-
chyme [314]. In organ culture experiments,
exogenous Sonic Hedgehog was shown to be
sufficient to induce mesenchyme cell prolifera-
tion and smooth muscle cell differentiation in
bladder mesenchymal explants which had been
separated from urothelium [47]. These data are
consistent with genetic studies in mice which
showed dysregulated mesenchymal cell prolif-
eration and decreased bladder smooth muscle
cell differentiation in mice by eliminating the
function of Glil and Gli2, which are downstream
effectors of activated Sonic Hedgehog signaling
[56]. The proliferative effects of Shh are dose
dependent as increasing concentrations of exog-
enous Sonic Hedgehog increased bladder size
and mesenchymal cell number ex vivo [47].
These data are consistent with a model in which
mesenchymal cells closest to bladder urothelium
are induced to proliferate in response to high
concentrations of Shh and thus maintain a pool
of undifferentiated smooth muscle cell progeni-
tors. However, the effect of Shh on smooth mus-
cle cell differentiation may be a secondary
phenomenon since blocking Sonic Hedgehog
signaling in bladder explants had no effect on
the expression of smooth muscle cell terminal
differentiation markers once smooth muscle for-
mation had already been initiated [314]. These
data suggest that while Shh may be involved in
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initiating smooth muscle cell differentiation,
other pathways are likely involved in maturation
of bladder smooth muscle.

Based on expression studies, molecular cross
talk between Sonic Hedgehog and BMP4 signal-
ing may be important for radial patterning of
smooth muscle during bladder development.
Expression analyses in developing mouse blad-
der are consistent with Bmp4 being a target of
Sonic Hedgehog signaling as high levels of
Bmp4 mRNA are detected in subepithelial mes-
enchyme of embryonic mouse bladder and fol-
low the onset of Glil and Gli2 expression in this
compartment by one day [178]. Conversely,
lower levels of Bmp4 mRNA coincide with
reduced Glil and Gli2 mRNA levels in periph-
eral mesenchyme. It has been suggested that
Bmp4 opposes the mitogenic effects of Sonic
Hedgehog signaling based on an analysis of
embryonic bladders from Gli2 knockout mice.
Tissue analysis of these mutants showed ectopic
smooth muscle formation in regions of the sub-
epithelial mesenchyme layer in which Bmp4
mRNA expression was lost [56]. Other factors,
including TGF-beta and serum response factor
(SRF), may be involved in regulating smooth
muscle cell differentiation as their expressions
coincide with upregulation of several smooth
muscle cell differentiation markers, such as
SMAA, SMMHC, smooth muscle protein 22-a
(SM22a), and calponin [172].
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Fig. 1.15 Diagrammatic representation of the trigone
and bladder anti-reflux mechanism. (a) The trigone is a
triangular-shaped region located at the bladder base. It is
bordered anterolaterally by bilateral ureteral orifices and
posteriorly by the urethral orifice. (b) Schematic of the
trigone and its connections with the ureters showing the
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1.5.3 Formation of the
Ureterovesical Junction

The route taken by the ureter through the smooth
muscle layer of the bladder trigone is critical to
forming a competent anti-reflux mechanism
(Fig. 1.15). It is designed in such a way that ret-
rograde flow of urine to the ureters and kidney is
prevented by effectively compressing the intra-
mural ureter against the smooth muscle wall dur-
ing bladder contractions. A non-refluxing
ureterovesical junction (UVJ) necessitates the
normal formation of a tunnel through which the
ureter passes through the bladder wall, an appro-
priate angle of entry of the ureter into the bladder,
a well-formed trigone, and a correctly positioned
ureteral orifice within the trigone. The clinical
condition in humans resulting from an incompe-
tent anti-reflux mechanism is vesicoureteral
reflux (VUR), which is one of the most common
urinary tract disorders in young children with a
reported incidence as high as 1 % of live births
(reviewed in Murawski et al. [217]).

The traditional view of UVJ morphogenesis
was largely based on pathological studies of
autopsy specimens from fetuses with lower uri-
nary tract anomalies [327, 355, 357]. The model
arising from these studies described UVJ forma-
tion as resulting from fusion of the two common
nephric ducts with the posterior wall of the devel-
oping bladder, thus creating the transmural tunnel

Anti-reflux Mechanism
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intramural ureter segment that is normally compressed to
prevent back-flow of urine to the ureters and kidneys. (b,
inset) Schematic showing compression of the intramural
ureter (Reproduced with modifications from Viana et al.
[346], with permission)
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Ureter

Fig. 1.16 Traditional and revised models of ureterovesi-
cal junction (UVJ) formation. Shown are schematic repre-
sentations of the bladder, ureter, and trigone. Embryonic
origins are illustrated by green (mesoderm-derived) and
red (endoderm-derived) areas. (a) Traditional model of
UV]J formation. The trigone forms in large part from ure-
teral fibers that fan out across the basal surface of the
bladder generating the interureteric ridge and Bell’s mus-

and the trigone [184, 357]. Based on this view,
the outer muscle and inner epithelial layers of the
bladder trigone were thought to share a similar
mesodermal origin with the muscle and epithelial
layers of the ureter (Fig. 1.16a). The traditional
model of UVJ formation has been recently chal-
lenged by recent studies on distal ureter matura-
tion in wild-type mice at multiple stages of
embryonic development [16, 17, 339, 346].
Accordingly, a revised model of UVJ formation
has emerged in which the trigone shares an endo-
dermal origin with smooth muscle and epithelial
layers of the developing bladder (Fig. 1.16b).
The first critical event in UVJ formation is
degeneration of the common nephric duct.
Elimination of the common nephric duct occurs
as aresult of cell apoptosis which occurs progres-
sively once ureteric bud outgrowth takes place
[17,339] (Fig. 1.17a). As a consequence of com-
mon nephric duct degeneration, the nascent ure-
ter approximates with the dorsal surface of the
urogenital sinus (i.e., the primitive bladder) as
ureter extends posteriorly towards the bladder
and as the bladder grows and expands anteriorly
towards the ureter [339]. At this stage, the distal
end of the nascent ureter is observed to rotate
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Ureter

Bladder
muscle

cle. In this instance, the trigone is considered to form
independently of the bladder. (b) Revised model of UVJ
formation. The trigone and smooth muscle surrounding
the intramural ureter are derived from bladder muscle.
Ureteral fibers which extend into the bladder wall contrib-
ute a small amount to the intramural ureter tunnel
(Reproduced with modifications from Viana et al. [346],
with permission)

180° at the point where it connects to the nephric
duct (Fig. 1.17b), which causes the distal ureter
to make contact tangentially with the dorsal sur-
face of the primitive bladder wall (Fig. 1.17c).
The mechanism of ureter rotation around the
nephric duct at this stage is unknown, although
the rotation process appears to be facilitated by
expansive growth of the primitive bladder [17].
The section of distal ureter which lies in contact
with the bladder subsequently undergoes a sec-
ond round of apoptosis. With that distal segment
eliminated, the ureter becomes detached from the
nephric duct, thus generating an open-ended tube
which is connected to a single kidney proximally.
The distal end of the newly formed ureter proper
is subsequently observed to migrate towards the
base of the bladder where it is properly oriented
to penetrate the muscular exterior surface of the
future trigone (Fig. 1.17d). Concomitantly, the
nephric duct, which becomes detached from the
newly formed ureter, remains in the region to
connect with the urethra.

It is widely held that the location of ureteric
budding along the long axis of the nephric duct
determines the final position at which the ureter
enters the bladder and results in vesicoureteral
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Normal ureter maturation

Rostral budding

Fig. 1.17 Morphological events in distal ureter matura-
tion and associated lower urinary tract malformations.
(a)—(d) Normal distal ureter maturation and UVJ forma-
tion. (a) Following invasion of the metanephric mesen-
chyme (MM) by the newly formed ureteric bud (UB), the
common nephric duct (CND; brown) is eliminated by
apoptosis. (b) CND elimination brings the ureter in direct
contact with the cloaca, or primordial bladder.
Concomitantly, the ureter rotates around the long axis of
the nephric duct (ND). (¢) Ureter rotation orients the dis-
tal segment of the ureter towards the developing bladder.
The distal-most segment of the ureter (dUr) lies against
the exterior bladder surface and is also eliminated by
apoptosis. (d) A new connection point between the ureter
and the bladder is generated. (e) A rostral ectopic ureter
(blue) forms in the absence of primary ureter. In this sce-
nario, the CND is longer than usual. This results in a

reflux when budding occurs ectopically [184].
This principle was put forward by Mackie and
Stevens and is based on their pathological studies
of urinary tract specimens from fetuses with con-
genital hydronephrosis. Based on their observa-
tions, they proposed that ureters entering the

Caudal budding

Duplex-system

shorter segment of distal ureter meeting the bladder once
ureter rotation takes place, and results (e’) in formation of
an ectopic ureter that connects in the bladder neck, ure-
thra, or remains attached to nephric duct. (f) In duplex
systems, a second ureter (blue) is induced along the neph-
ric duct, typically at a rostral position in reference to the
primary ureter (red). (f) Following distal ureter matura-
tion, the rostral ectopic ureter connects below the primary
ureter, either in the bladder neck, urethra or remains
attached to nephric duct. (g) When caudal ureter budding
occurs, the connection point between the ureter and neph-
ric duct is very close to the cloaca. In this instance, the
length of the CND is very short. (g”) The near absence of
CND accelerates elimination of the distal ureter and posi-
tions the VUJ in an ectopic lateral position (Reproduced
with modifications from Uetani and Bouchard [340]. With
permission)

bladder ectopically in the region of the bladder
neck would arise as the result of UB formation at
a position which is anterior to the usual site of
budding. Conversely, they postulated that UB
formation at a posterior position would lead to
ectopic ureters entering the bladder abnormally
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and closer to its apex. This model of abnormal
UVIJ formation has been validated by in vivo evi-
dence from several mouse models of VUR
(reviewed in Murawski et al. [217]) and may be
explained by defects in ureter separation and
rotation as described above. For example, UB
formation at an anterior ectopic site would result
in a longer common nephric duct and hence a
greater distance between the site of ureteric bud-
ding and the primitive bladder (Fig. 1.17¢). By
increasing the distance between the UB and the
growing primitive bladder, ureter rotation and
separation from the nephric duct might be
delayed and result in a low-lying insertion site
[339] (Fig. 1.17¢’). This is best exemplified in
humans and mice with duplicated ureters which
feature an anterior renal moiety connecting with
a ureter that inserts ectopically into the bladder
neck and which may be associated with hydro-
ureter and hydronephrosis [184] (Fig. 1.17f and
). Conversely, a posteriorly positioned UB site
causes the ureter to reach the primitive bladder
prematurely owing to a shorter common nephric
duct and thus positions the ureter to inappropri-
ately enter the bladder at a more lateral angle
than normal [340] (Fig. 1.17g and g’).

The mechanism by which the ureter passes
through the trigone is poorly understood.
Traditional beliefs on bladder embryology sug-
gested that the intramural passage was generated
from ureteral smooth muscle fibers extending into
the bladder and stretching across the base of the
bladder during trigone formation [327, 357]. This
theory has been refuted by a recent study involv-
ing smooth muscle cell lineage analysis in trans-
genic mice, which strongly suggests that
ureter-derived tissue plays a minor role in forming
the intramural passage [346]. Using two trans-
genic mouse lines that selectively labeled deriva-
tives of either ureteral mesenchyme or bladder
mesenchyme, it was shown that the ureter contrib-
uted only a thin sheath of longitudinal smooth
muscle fibers to the intramural passage through
the trigone. The same report provided evidence
that the process involved in forming the intramu-
ral tunnel is intrinsic to the bladder and is not
dependent on the presence of a ureter. This was
revealed in Pax2 mutant mice, which lack ureters
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due to agenesis of the posterior nephric duct. In
the absence of ureters, Pax2 mutant mice dis-
played normal bladder development and showed
normal patterns of smooth muscle organization in
the trigone. Moreover, the trigone of Pax2 mutants
exhibited gaps in smooth muscle which corre-
sponded to regions where the intramural tunnels
would be formed. These gaps contained blood
vessels that would normally follow the intramural
ureter yet were devoid of ureter epithelium and
ureter-derived smooth muscle [346].

1.5.3.1 Genes Implicated
in UVJ Formation

Due to the variable penetrance of a number of
gene mutations which disrupt early stages of uri-
nary tract development (e.g., nephric duct mor-
phogenesis, ureteric bud outgrowth), there exists
the opportunity to define functions for these
genes at later stages of development, including
UVIJ formation [217]. These genes include Foxcl,
Foxc2, Robo2, Bmp4, and Spryl. As described in
Sect. 1.3.3.1, Foxcl, Foxc2, and Robo2 are
involved in repressing mesenchymal Gdnf
expression and thereby limiting the sites where
RET is activated in the nephric duct [107, 166].
Bmp4 and Spryl exert their inhibitory roles on
GDNF-RET signaling activity by altering the
sensitivity of nephric duct/UB cells to GDNF
[14, 197, 206]. Mice with loss-of-function muta-
tions in any one of these five genes exhibit inap-
propriate activation of GDNF-RET signaling in
nephric duct cells which leads to the formation of
supernumerary UBs or anterior displacement of
the site of UB outgrowth [14, 107, 166, 206].
Ureters arising from anterior ectopic UBs in
these mutants are severely dilated and insert
below the bladder neck, as predicted by Mackie
and Stevens [184]. Although VUR has only been
associated with ROBO2 mutations in humans
(OMIM: 602431) [180], evidence from genetic
studies in mice strongly support the possibility
that other genes involved in regulating GDNF-
RET signaling activity may be mutated in humans
with VUR [217].

Defective regulation of Ret expression in the
nephric duct has been shown to associate with
VUJ malformation in mice. In the absence of Ret
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function, mouse kidney and ureter development
is arrested and 80 % of mutants display renal and
ureter agenesis [303, 304]. The remaining 20 %
exhibited severe hydroureter and refluxing ure-
ters that inserted abnormally below the bladder
[61]. The defect in these Ret mutants is attributed
to a failure to connect the nephric duct with the
urogenital sinus until after the UB is formed.
Morphologic analysis of nephric duct extension
in Ret mutants revealed a defect in formation of
cytoplasmic extensions which are thought to
guide cells at the tip of the caudal nephric towards
the urogenital sinus. Ret expression depends on
retinoic acid signaling as revealed in Aldh2 null
mice, which display decreased Ret expression in
the nephric duct and show a similar phenotype in
nephric duct guidance [61]. In addition, Ret
expression also depends on the function of Gata3.
When Gata3 function is removed in nephric duct
cells by conditional deletion, embryos exhibit the
same delay in uniting the nephric duct with uro-
genital sinus [61, 109]. Gata3 expression is
maintained in mice with mutations in genes
involved in retinoic acid synthesis (e.g., Aldh2
mutants), and Aldh2 expression is unaffected in
mutants [61]. Consequently, it is not known how
Gata3 and retinoic acid signaling interact to con-
trol Ret expression.

Thirty percent of mice that carry the Pax2™et
mutation develop VUR which is associated with
renal hypoplasia [25]. The Pax2'* mutation in
mice is a nonsense mutation and is orthologous to
the PAX2 mutation in humans with renal colo-
boma syndrome (OMIM: 120330), which is char-
acterized by optic colobomas and a range of renal
anomalies including VUR [295, 299]. Mice het-
erozygous for the Pax2™e* mutation demonstrate
posteriorly placed UBs and ureters which pene-
trate the bladder aberrantly, resulting in a short-
ened intramural ureter [95]. The developmental
defect in Pax2'™e heterozygous mutant mice is
attributed to delayed separation of the ureter from
the nephric duct which occurs independent of a
defect in nephric duct elongation or Ret expres-
sion [25]. Moreover, ectopic positioning of the
UB occurs without changes in Gdnf expression or
dysregulated expression of genes which control
the Gdnf expression domain, such as Robo2.

a

Anterior budding is believed to be the primary
cause of vesicoureteral reflux (VUR) in humans
and mice [215]. However, at least two mouse
models of VUR (i.e., Pax2'¥¥* mice and the
C3H/Hel] mouse strain [216]) have been linked
causally to posterior UB positioning resulting in
delayed UVJ formation. These studies suggest
that strict adherence to the spatiotemporal rela-
tionships between ureteric budding and distal ure-
ter morphogenesis may not be universally applied
to the pathogenesis of VUR in all instances.

Elimination of the common nephric duct by
apoptosis is viewed as a key step in coordinat-
ing subsequent remodeling events during distal
ureter morphogenesis. Studies in mice show that
when common nephric duct degeneration is either
delayed or blocked completely, the developing
ureter does not establish proper spatial relation-
ships with the primitive bladder and defects in
ureter separation and bladder insertion occur
[17]. Vitamin A or retinoic acid signaling appears
to be necessary to regulate apoptosis and trigger
common nephric duct degeneration. Removing
retinoic acid signaling genetically results in uri-
nary tract obstruction and dilated ureters which
insert ectopically below the bladder. This pheno-
type is demonstrated in mice with homozygous
null mutations in Aldh2 [17] as well as in com-
pound mutant mice doubly homozygous for null
mutations in Rara and Rarf [16], which encode
retinoic acid receptors. Aldh2 mutants showed a
marked reduction in common nephric duct apop-
tosis [17], suggesting that retinoic acid signaling
is necessary for elimination of the common neph-
ric duct by regulating apoptosis in this region. As
in all retinoic acid pathway mutants, the com-
mon nephric duct persists and ureter separation is
delayed, leading to the conclusion that the regu-
latory function of retinoic acid-dependent signals
on common nephric duct apoptosis is critical for
proper ureter remodeling.

A recent study implicated genes encoding
members of the leukocyte antigen-related (LAR)
family of phosphatases as strong candidates to
activate common nephric duct cell apoptosis.
LAR phosphatases function by dephosphorylat-
ing activated tyrosine kinase receptors [265],
including activated RET [271]. Protein tyrosine
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phosphatase, receptor type, F (Ptprf) and protein
tyrosine phosphatase, receptor type, D (Ptprd)
encode two LAR family members which are
expressed in common nephric duct cells and are
shown in vitro and in vivo to induce apoptosis by
opposing RET activation [339]. In vivo analyses
show that 52 % of mice with compound homozy-
gous inactivating mutations in both Ptprf and
Ptprd exhibited unilateral or bilateral urinary
tract obstruction in addition to severe craniofa-
cial abnormalities. Loss of LAR phosphatase
function in these mutants suppressed apoptosis of
common nephric duct cells and was associated
with higher levels of phosphorylated RET as
detected with specific antibodies. Detailed analy-
ses of distal ureter morphogenesis in these
mutants revealed significant remodeling defects
that were associated with abnormal positioning
of the UVJ below the bladder. In vitro studies in
HEK cells further confirmed the functional rela-
tionships between LAR phosphatase activity and
RET phosphorylation in the regulation of apopto-
sis. Since the UVIJ phenotype in Ptprf/Ptprd
double mutants is not fully penetrant, the mecha-
nism for regulating apoptosis during ureter matu-
ration must involve other genes which remain to
be defined.

1.6  Human Urinary Tract
Malformations and Genetic

Associations

A number of urinary tract malformation syn-
dromes display familial patterns of inheritance.
For example, heterogeneous renal malformations
are reported in 9 % of first-degree relatives of
newborns with bilateral renal agenesis or bilat-
eral renal dysgenesis [280]. Siblings of patients
with VUR are reported to have a higher incidence
of reflux than the normal population [57]. Hence,
the occurrence of urinary tract malformations
with familial patterns of inheritance in humans
favors a genetic etiology. However, the majority
of cases with isolated defects occur in patients
without a familial pattern [280].

Candidate approaches have been used to
screen patients or stillborn fetuses with isolated

J.R.P. dos Santos and T.D. Piscione

UT malformations for mutations in genes associ-
ated with syndromic malformations. In one study,
a large European cohort of children with chronic
kidney disease and severe renal hypoplasia and/
or dysplasia was screened for mutations in
HNFI1p, PAX2, SALLI, EYAI, and SIXI [354].
These genes were selected on the basis of their
associations with congenital syndromes that fea-
ture renal hypoplasia/dysplasia prominently. For
instance, HNF1f mutations are known to cause
renal cysts and diabetes syndrome (also known
as MODY5; OMIM: 137920) [20, 21]. Human
PAX2 mutations are associated with renal colo-
boma syndrome, an autosomal dominant condi-
tion characterized in humans by optic nerve
colobomas, hearing defects, and a spectrum of
renal malformations including hypoplasia, renal
agenesis, dysplasia, and VUR [295, 299]. SALLI
mutations are found in patients with Townes-
Brock syndrome (OMIM: 107480), which fea-
tures anal, limb, and ear anomalies as well as
renal hypoplasia, dysplasia, and VUR [160, 292].
EYAI and SIXI mutations have been identified in
patients with  branchio-oto-renal (OMIM:
113650), which presents with branchial arch,
otic, and renal anomalies including unilateral or
bilateral renal agenesis, hypoplasia, dysplasia as
well as ureteral defects such as duplication or
absence of ureter and megaureter [1]. In the
European cohort study, HNF1f and PAX2 muta-
tions were detected in 15 % of all CKD subjects
whereas SALLI, EYAI, and SIX] mutations were
rarely detected in patients who did not have syn-
dromic features [354]. Results from this study
showed that mutations in HNF 1§ accounted for
25 % of mutations in patients with renal dyspla-
sia or hypoplasia who manifest cysts, leading the
authors to conclude that patients with cystic renal
dysplasia should be screened for HNFIf muta-
tions. Another study involving a multiethnic
North American pediatric cohort reported an
association for HNF 1 mutations in 10 % of chil-
dren with chronic kidney disease associated with
unilateral renal agenesis or renal hypodysplasia
[332]. The presence of HNFIf mutations has
also been shown to exacerbate the phenotype of
individuals with autosomal dominant polycystic
kidney disease who carry mutations in PKDI1



1 Development of the Kidney and Lower Urinary Tract

(polycystin-1) [19]. From a clinical perspective,
it is possible that the presence of an HNFIf
mutation may impart a higher risk of disease pro-
gression in patients with other types of urinary
tract malformations.

Attention has been given to looking for muta-
tions in genes encoding components of the
GDNF-RET signaling cascade considering the
strength of evidence for this pathway in normal
urinary tract development in rodents [68]. In
humans, heterozygous RET mutations cause
Hirschsprung’s disease (intestinal aganglionosis;
OMIM# 142623) [83] and are reported rarely in
patients with Hirschsprung’s disease who also
have renal hypoplasia and/or severe hydrone-
phrosis [254]. A number of studies have reported
low detection frequencies of GDNF, RET, and
GFRal mutations in cases of isolated UT malfor-
mation. In one study, RET mutations were
reported in 8 of 29 stillborn fetuses (27.5 %) with
unilateral or bilateral renal agenesis whereas no
disease-causing mutations in GDNF or GFRal
were found in these cases [318]. Another study
involving 105 fetuses with bilateral renal agene-
sis or hypodysplasia identified RET mutations in
less than 7 % of cases and detected no GDNF
mutations [145]. Similarly, a low detection rate
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for GDNF and RET mutations (<5 %) has been
reported in a study involving 122 patients with
UT malformations other than renal agenesis [53].
The explanation for detecting mutations in
GDNF-RET pathway genes with such low fre-
quency is not clear, although it is possible that
there may be critical as-yet undefined differences
between humans and mice regarding molecular
control of UB outgrowth and branching events.
The pace of gene discovery in humans with
isolated urinary tract malformations has been
accelerated by the development of array-based
analyses, whole exome sequencing, and genome-
wide association studies (GWAS) [352, 353].
Despite technological advances in bioinformatics
and high-throughput sequencing, it is estimated
that a monogenic cause is identified in less than
20 % of patients with at least one recognizable
urinary tract defect [128, 222, 289, 354]. Oligenic
inheritance or gene modifier effects are likely to
account for the remaining 80+% cases of chil-
dren with isolated urinary tract malformations
[354]. Table 1.6 lists a number of websites which
are searchable databases for information on
genetic associations with human disease.
Estimating the true prevalence of gene mutations
in humans with severe urinary tract malformations

Table 1.6 Web resources for genetic associations with human disease

OMIM (Online Mendelian Inheritance in Man)
Web address
Summary

http://www.ncbi.nlm.nih.gov/omim

Curated database cataloguing known gene-disease associations and providing clinical and

molecular information on Mendelian disorders

HuGE Navigator (Human Genome Epidemiology Navigator)

Web address
Summary

http://hugenavigator.net/HuGENavigator/home.do
Updated database in human genome epidemiology including population prevalence for genetic

variants and disease-gene associations, gene-gene and gene-environment interactions, and

interpretation of gene testing

DECIPHER (Database of Chromosomal Imbalances and Phenotype in Humans using Ensembl Resources)

Web address http://decipher.sanger.ac.uk/

Summary Curated database cataloguing known gene-disease associations and providing clinical and
molecular information on Mendelian disorders

GeneTests

Web address http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests

Summary Information center for clinical genetic testing including clinical and research lab directory

CTD (Comparative Toxicogenomics Database)

Web address http://ctdbase.org/

Summary Searchable database providing information on known and predicted gene-disease and chemical-

disease associations


http://www.ncbi.nlm.nih.gov/omim
http://hugenavigator.net/HuGENavigator/home.do
http://decipher.sanger.ac.uk/
http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests
http://ctdbase.org/
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iscomplicated by interactions between genetic, envi-
ronmental, and nutritional factors. Environmental,
drug, or toxin exposure, and maternal nutrition have
all been associated with the occurrence of urinary
tract malformation in humans and rodents [18, 85,
167, 266]. The strength of genotype-phenotype cor-
relation may be further weakened by incomplete
penetrance or variable expressivity, as reported for
non-syndromic forms of CAKUT with autosomal
dominant inheritance patterns [194, 352]. These
factors must be taken into consideration when
weighing the benefits of offering genetic testing to
patients or relatives.
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