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Abstract  The ureteric bud (UB) is an outgrowth of
the Wolffian duct, which undergoes a complex process
of growth, branching, and remodeling, to eventually
give rise to the entire urinary collecting system during
kidney development. Understanding the mechanisms
that control this process is a fascinating problem in ba-
sic developmental biology, and also has considerable
medical significance. Over the past decade, there has
been significant progress in our understanding of renal
branching morphogenesis and its regulation, and this
review focuses on several areas in which there have been
recent advances. The first section deals with the normal
process of UB branching morphogenesis, and methods
that have been developed to better observe and describe
it. The next section discusses a number of experimental
methodologies, both established and novel, that make
kidney development in the mouse a powerful and at-
tractive experimental system. The third section discusses
some of the cellular processes that are likely to underlie
UB branching morphogenesis, as well as recent data on
cell lineages within the growing UB. The fourth section
summarizes our understanding of the roles of two
groups of growth factors that appear to be particularly
important for the regulation of UB outgrowth and
branching: GDNF and FGFs, which stimulate this
process via tyrosine kinase receptors, and members of
the TGFB family, including BMP4 and Activin A,
which generally inhibit UB formation and branching.
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Introduction

The development of the metanephric kidney begins
when the Wolffian (or nephric) duct, a simple epithelial
tube derived from the intermediate mesoderm, gives rise
to an outpocketing called the ureteric bud (UB). The
UB then undergoes a complex process of growth,
branching and remodeling, to eventually give rise to the
entire urinary collecting system, including the collecting
ducts, calyces, pelvis, and ureter. Unlike the situation in
other organs that develop through epithelial branching
morphogenesis, the tips of the UBs also induce some of
the surrounding mesenchymal cells to convert to epi-
thelia. These newly formed epithelia form the nephron,
including the glomerulus, proximal tubule, loop of
Henle, and the distal tubule, which is joined to a col-
lecting duct by a connecting tubule (Saxen, 1987). The
distal end of the ureter, which is at first connected to the
Wolffian duct (WD), undergoes a process of remodeling
and translocation resulting in its ultimate connection to
the bladder (Batourina et al., 2002; Batourina et al.,
2005).

Over the past decade, there has been significant
progress in our understanding of renal branching
morphogenesis and its regulation, and this review will
consider several topics relevant to this process in which
there have been recent advances. The first section deals
with normal UB branching morphogenesis in rodents,
and methods that have been used to describe it. The
next section discusses a number of experimental meth-
odologies that make mouse kidney development an at-
tractive experimental system. The third section deals
with the cellular processes that are likely to underlie UB
branching morphogenesis (many of which are shared
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with other developing epithelial organs), as well as cell
lineages within the growing UB. The final section deals
with a few of the growth factors that have been shown
to play important roles in the regulation of UB out-
growth and branching. Many additional topics are not
covered, and in these cases the reader is referred to
other recent review articles.

Descriptive studies of renal branching
morphogenesis in vivo and in culture

The evagination of the UB from the posterior end of the
WD represents the initiation of renal branching
morphogenesis and, as discussed below, some of the
same signals that later control branching morphogen-
esis within the developing kidney are also involved in
specifying the formation of a single UB at the correct
position along the WD. In the mouse, UB formation is
initiated at day E10.5. Once the primary UB has
formed, it grows dorsally toward the metanephric
blastema, a special population of mesenchymal cells al-
so derived from the intermediate mesoderm. The
blastema contains progenitors of the nephron (met-
anephric mesenchyme cells) as well as stromal progen-
itors, and this tissue has the specialized capability to
induce the growth and branching of the UB in its char-
acteristic pattern (Saxen, 1987). Once the tip of the UB
has entered the metanephric blastema, it undergoes the
first bifid branching event, yielding a T-shaped bud at
El11.5 (Fig. 1A).

The early events of renal branching morphogenesis in
the mouse have been studied both by serial reconstruc-
tion of sectioned kidneys at different stages, and by
observing kidney development in organ cultures. When
explanted at E11.5 and cultured on a filter at an air-
medium interface, the kidney will grow for about
7 days; during this time, the early phases of UB branch-
ing morphogenesis and nephrogenesis occur in a man-
ner closely approximating in vivo development
(although at a lower rate). The visualization and anal-
ysis of UB branching has been greatly facilitated by the
use of a transgenic strain that expresses eGFP (en-
hanced green fluorescent protein) specifically in the UB
epithelium, under the Hoxb7 promoter (Srinivas et al.,
1999a). Combined with the organ culture system, this
allows time-lapse analysis of the pattern of UB branch-
ing (Fig. 1), and it also aids in the analysis of collecting
system organization in kidneys that have been explant-
ed at later developmental stages (Figs. 2A,2B).

Using the Hoxb7/eGFP mice, the early events in re-
nal branching have been analyzed in some detail (Wata-
nabe and Costantini, 2004; Caruana et al., 2006b).
Time-lapse studies with these kidneys revealed that the
UB is a highly plastic structure, which can branch in a
variety of complex patterns, including terminal bifid
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Fig.1 Ureteric bud (UB) branching in organ culture. (A) The uro-
genital region from a Hoxb7/green fluorescent protein (GFP)
transgenic embryo isolated at E10.5 and cultured for 40 hr, showing
the outgrowth and initial branching of the UB (courtesy of Odyssé
Michos and Rolf Zeller, University of Basel). (B) An E11.5 Hoxb7/
GFP kidney (kidney “F”) cultured and photographed at 10 hr in-
tervals. The asterisks indicate a lateral branch that subsequently
bifurcates. (C) Two examples of trifid branching, in which a single
ampulla forms three new branches, which remain connected to the
parental segment at a common branch point. (D) and (E), Examples
of unequal trifid branching, in which the initial branch point is
remodeled to produce two separate branch points. B-E are adapted
from Watanabe and Costantini (2004) by permission of Elsevier.

(i.e., bifurcation), terminal trifid and lateral branching
(Figs. 1B-1E). While the occurrence of lateral, bifid and
trifid branching events had previously been inferred
from static observations (Osathanondh and Potter,
1963a, 1963b, 1963c; Oliver, 1968; Al-Awqati and
Goldberg, 1998; Majumdar et al., 2003) there is an in-
herent uncertainty in the origin of any branched struc-
ture that could only be overcome by examination of the
same developing structure at successive times.

These studies confirmed the earlier inference, from
static observations, that most UB branching events are
terminal bifurcations. The tip of a UB branch first
grows to form a swollen, rounded ampulla, which is
then gradually remodeled into a laterally elongated



Fig.2 Ureteric bud (UB) branching in vivo. (A) Expression of green
fluorescent protein (GFP) in the UB of Hoxb7/GFP transgenic fe-
tuses at E12.5 through E16.5. The images on the left are bright field
photographs and those on the right were taken using standard flu-
orescein filters with ordinary wide field epifluorescence microscopy.
(B) Optical sections of an E14 Hoxb7/GFP kidney were collected
using a Bio-Rad laser scanning confocal microscope and volume
rendered using Volocity software (Deborah Hyink, Mount Sinai
School of Medicine, unpublished data). (C) Vibratome sections of
E17.5 and newborn (NB) wild-type kidneys were stained with anti-
calbindin Dygk to reveal the UB branches (Cebrian et al., 2004).
Note the long, collecting duct segments with few branch points in
the outer medulla, in contrast to the more extensive branching in
the inner medulla and the outer cortex. A and C were reproduced
from Srinivas et al. (1999a) and Cebrian et al. (2004) courtesy of the
authors and John Wiley & Sons, Inc.

structure, and finally resolves into two new branches
(recent data suggest that the UB trunk as well as the
ampulla contributes to the next generation of branch-
es—see below and Shakya et al., 2005b). In trifid
branching, a single ampulla is remodeled into three
rather than two new branches; trifid branching occurs
frequently during the second round of branching (i.e.,
when the two tips of the E11.5 T-shaped bud undergo
the next round of branching) and much less frequently
during later branch generations (Majumdar et al., 2003;
Watanabe and Costantini, 2004). While some trifid
branch points are maintained during subsequent growth
(Fig. 1C), others are later remodeled into two bifid
branch points (Watanabe and Costantini, 2004) (Figs.
I1D,1E). Thus “branch points’ are not permanent struc-
tures, but can be transient. Another, more distinct type
of branching is “lateral branching,” the outgrowth of a

new segment from the side of an existing segment, rath-
er than from the terminal ampulla (Fig. 1B, asterisk);
this accounts for only 6% of branching events in cul-
tured mouse kidneys, and occurs mostly in the earliest
generations of branches (Watanabe and Costantini,
2004). These time lapse studies showed that lateral
branching did not alternate in a regular manner with
terminal bifid branching, as is thought to occur during
early UB branching in the human kidney (Al-Awqati
and Goldberg, 1998). Whether this is a species differ-
ence, or simply reflects the difficulty of inferring branch-
ing patterns from fixed human specimens, remains
unclear. In general, the subsequent occurrence of dif-
ferent types of terminal branching events could not be
predicted from the developmental history of a partic-
ular segment. Thus, while the specific branching pattern
of each kidney was not random, neither was it entirely
predictable (Watanabe and Costantini, 2004). There
is nothing known about the mechanisms that determine
which mode of UB branching will occur at a particular
time or location, and this remains a fascinating
problem.

While time lapse analysis of kidney cultures also al-
lows quantitative measurements of the rates of UB
branching and elongation, these processes are some-
what retarded during organ culture, so their absolute
values are not particularly relevant to the in vivo situ-
ation. However, they are useful for side-by-side com-
parisons of normal and mutant kidneys, or kidneys
cultured under different experimental conditions. An-
other limitation is that only the earlier stages of or-
ganogenesis can be carried out in culture; a great many
changes in the UB, and the collecting system that de-
rives from it, take place at later stages, giving rise to the
complex collecting system in the mature kidney, and
contributing to the overall histoarchitecture of the kid-
ney. Furthermore, collecting duct morphogenesis must
be coordinated with the complex morphogenesis of
nephron tubules and blood vessels (for a discussion of
this topic, see Al-Awqati and Goldberg, 1998).

Some descriptive information about the later stages
of UB branching morphogenesis has been obtained
from studies of serially sectioned or dissected kidneys
that developed in vivo. In one detailed study, UB
branching was analyzed by serially sectioning mouse
kidneys at stages from E11.5 to birth, staining with a
UB-specific marker, and measuring the numbers of tips
and branch points, the lengths of UB segments, and
other parameters (Cebrian et al., 2004). This analysis
suggested that the UB undergoes approximately eight
generations of rapid and regular branching during the
first few days of kidney development, and then on E15.5
enters a phase during which the inter-branch segments
of the 6th—8th branch generation elongate extensively.
This apparently gives rise to the long unbranched col-
lecting ducts of the outer medulla (Figs. 2C,2D), which
is required for urine concentration. The authors spec-



ulate that this extensive interstitial elongation is induced
by medullary stromal cells, which are first evident
around E15.5. This is followed by another two—three
rounds of branching within the cortex, before birth
(Figs. 2C,2D). This study also confirmed the belief that
there is a positive relationship between the extent of UB
branching and the nephron number (Al-Awqati and
Goldberg, 1998; Clark and Bertram, 1999), but showed
that the relationship is not linear throughout develop-
ment: between E11.5 and E16.5, there are about 1,000
UB tips and 700 nephrons generated, while from E16.5
to birth, there is a 10-fold increase in nephrons but only
a 2.7-fold increase in UB tips (Cebrian et al., 2004).
Therefore, at the later stages many of the UB tips must
induce multiple nephrons.

Branching morphogenesis during human kidney de-
velopment has been studied primarily by micro-dissec-
tion of fixed fetal kidneys, and it is clearly more
complex than that in the mouse. As in the mouse, there
is thought to be an initial phase of extensive branching
(15 generations), after which the 10th—15th generation
of branches elongate dramatically, giving rise to the
central medulla. At later stages, some of the UB tips
induce several nephrons simultaneously, all of which are
connected to a single collecting duct, or to the connect-
ing tubule of another nephron, in arrangements known
as “‘arcades,” while others give rise to multiple lateral
branches, each connected to a single nephron (Os-
athanondh and Potter, 1963c; Oliver, 1968; Ekblom,
1992; Al-Awqati and Goldberg, 1998). Arcades also
occur in rodents, although they contain fewer nephrons
(Saxen, 1987; Ekblom, 1992).

Understanding the mechanisms that control UB
branching morphogenesis, determining when and where
a growing epithelial tube will elongate, swell, narrow or
branch, and in which direction the new branches will
grow, is a fascinating and basic developmental problem
that has attracted much interest in recent years. Fur-
thermore, it has considerable medical significance. Fail-
ure to form the ureter (resulting in renal agenesis), as
well as malpositioning or duplication of the ureter, are
common birth defects, while more subtle defects in UB
growth and branching may result in reduced nephron
number, which can lead to renal disease later in life
(Al-Awqati and Goldberg, 1998; Cullen-McEwen et al.,
2001; Pohl et al., 2002; Poladia et al., 2006).

Experimental approaches to understanding renal
branching morphogenesis

Several experimental systems that facilitate the study of
renal branching morphogenesis have been developed.
Renal cell lines, such as MDCK cells, have been used
extensively for studies of epithelial morphogenesis, in-
cluding branching. When MDCK cells are allowed to
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form cysts, the cysts can be induced to branch (Rosario
and Birchmeier, 2003). While such cell lines have many
advantages for studies of the basic molecular and cell
biology of epithelial cells, their utility as a model of
developmental processes has significant limitations.
One important difference is that the mechanism of
branching by MDCK cell cysts appears to be funda-
mentally different from UB branching during normal
kidney development; the former involves an epithelial
mesenchymal transition, followed by re-establishment
of polarity and lumen formation, to generate new
branches (Rosario and Birchmeier, 2003), whereas the
latter involves the remodeling of continuous epithelial
tubes (Meyer et al., 2004).

The analysis of kidney development in genetically
modified mice has been instrumental in many of the
advances in this field over the past decade. For gain-of-
function experiments (i.e., examining the consequences
of overexpressing or mis-expressing a protein), several
promoter/enhancer sequences have been identified that
permit expression of transgenes in specific cell lineages
in the developing kidney. Two regulatory cassettes,
from the Hoxb7 and Pax2 genes, have been used to
direct expression to the entire WD and UB epithelium
(Srinivas et al., 1999a, 1999b; Srinivas et al., 1999a;
Kuschert et al., 2001; Chi et al., 2004). Several sequenc-
es that direct expression to different nephron segments
or differentiated cell types (such as podocytes) have also
been identified (for review, see Bianco et al., 2003;
Gawlik and Quaggin, 2004). Regulatory elements that
can direct transgene expression specifically in the renal
stroma, undifferentiated metanephric mesenchyme, ear-
ly nascent nephrons, or in specific sub-domains of the
UB, have not yet been described. However, alternate
methods exist to target the expression of any gene to
these locations. These include: use of BAC transgenics
(Bianco et al., 2003; Thivierge et al., 2006); targeting the
gene of interest into a locus expressed in the desired
location/stage of the developing kidney (Levinson et al.,
2005; Oxburgh et al., 2005); and use of cell type-specific
Cre recombinase transgenic lines (Gawlik and Quaggin,
2004; Igarashi, 2004) to activate the expression of a
transgene in a specific cell lineage by deleting a tran-
scriptional termination sequence (Soriano, 1999;
Novak et al., 2000; Srinivas et al., 2001). In addition,
temporal and tissue-specific regulation of transgenes in
the WD and UB has been achieved through the use of
the tet-On system of tetracycline-dependent regulation
(Fig. 3) (Furth et al., 1994; Gossen et al., 1995; Urlinger
et al., 2000; Shakya et al., 2005a). Finally, the Cre-Lox
and Tet systems have been combined, by generating
mouse strains in which the reverse tetracycline trans-
activator protein (rtTA) is turned on by Cre re-
combinase (Belteki et al., 2005; Yu et al., 2005); this
will allow any of the cell type-specific Cre lines to be
used to drive expression of rtTA, superimposing tem-
poral and spatial control.
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Fig.3 Use of the Tet-on system to express a control lacZ transgene
(A, D) or to misexpress GDNF in the Wolffian duct (WD) and
ureteric bud (B, C, E, F). (A) A control Hoxb7/rtTA x TetO/lacZ
bi-transgenic embryo with a single T-stage ureteric bud (UB)
(arrow). (B) A Hoxb7/rtTA x BiTetO/lacZ/GDNF bi-transgenic
embryo with a duplicated T-stage UB (red arrow) anterior to the
normal UB (black arrow), and additional small ectopic buds along
the WD (yellow arrows). (C) A Hoxb7/rtTA x BiTetO/lacZ/GDNF
bi-transgenic embryo with multiple UBs along the WD. (D) Con-

The analysis of knock-out mice has been an invalu-
able tool in the identification of genes that are required
for normal UB branching (for reviews see Piscione and
Rosenblum, 2002; Vainio and Lin, 2002; Yu et al.,
2004) and a number of examples are discussed below.
As useful as this approach has been, it has several in-
herent limitations. One is functional overlap or “re-
dundancy” among multiple gene family members,
which limits the phenotypic effects of many single gene
knock-outs. This has been overcome in some cases by
cross-breeding knock-out mutations in more than one
gene (Patterson et al., 2001) or by the use of dominant-
negative, transgene-encoded proteins to inhibit more
than one gene product at a time (Celli et al., 1998). A
second limitation is the early embryonic lethality caused
by null mutations in some genes with later functions in
the developing kidney (e.g., FGFR2 or BMP4, Winnier
et al., 1995; Arman et al., 1998; Xu et al., 1998). This
problem has been circumvented in some cases by the use
of tissue-specific knock-out mice using various tissue-
specific Cre transgenic lines expressed in the kidney (for

trol Hoxb7/rtTA x TetO/lacZ bi-transgenic male, expressing lacZ in
WD (asterisk) and Mullerian duct (arrow), as well as in UB
branches in the kidney (k). a, adrenal; b, bladder; s, sympathetic
ganglia; t, testis. E, F, Growth and branching of ectopic ureteric
buds induced by GDNF at El14.5 (E) and E18.5 (F). E, Hoxb7/
rtTA x BiTetO/lacZ/GDNF bi-transgenic male with multiple
ectopic UBs (arrows). (F), highly branched ectopic UBs on the
epididymis at E18.5. Scale bars, 0.5mm. Adapted from Shakya
et al. (2005a) by permission of Elsevier.

recent reviews, see Gawlik and Quaggin, 2004; Igarashi,
2004). Another solution to the problem of embryonic
lethality is the generation and analysis of mosaic mice in
which the mutation of interest is only carried in some
cells (which also carry a reporter gene, such as green
fluorescent protein (GFP), to facilitate their identifica-
tion), allowing the remaining wild-type cells to support
development beyond the stage of lethality. As discussed
below, this approach has been used recently to inves-
tigate the role of Ret signaling in the UB (Shakya et al.,
2005b), and should be applicable to many other genes.

Another important tool for experimental studies of
renal branching morphogenesis has been the ability to
grow explanted kidney primordia in culture. This not
only permits the direct observation of branching
morphogenesis, using reporter strains such as Hoxb7/
GFP (Watanabe and Costantini, 2004; Caruana et al.,
2006b), but also allows a great variety of experimental
manipulations. Much has been learned by simply cul-
turing intact kidneys in culture media containing dif-
ferent growth factors, or drugs that inhibit specific
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Fig.4 Branching of the isolated ureteric bud (UB) in culture, using
a modification of the method of Qiao et al. (1999a, 2001). The T-
shaped UB from a wild-type E11.5 mouse kidney was separated
from the mesenchyme/stroma and cultured in Matrigel, in medium
containing 100 ng/ml GDNF, with an FGF10-soaked bead. The

signaling pathways or cellular functions. Furthermore,
the UB can be physically separated from the mesen-
chyme, and “‘recombined” with mesenchyme from a
kidney of different genetic composition, or from a dif-
ferent embryonic tissue (Grobstein, 1953a, 1955; Erick-
son, 1968). Such tissue recombination studies provided
the earliest evidence that branching morphogenesis of
the UB is controlled largely by signals from the met-
anephric mesenchyme, and that only metanephric me-
senchyme has the capacity to support normal UB
branching (Saxen, 1987). Fetal lung mesenchyme can
also support UB branching but, interestingly, the pat-
tern of branching is altered, displaying a higher fre-
quency of lateral branching, which is a characteristic of
lung branching (Lin et al., 2003). Thus, the mesenchyme
surrounding the UB not only supports its growth but
also appears to determine, at least in part, its pattern of
branching.

A significant advance in the study of UB branching
morphogenesis has come from the demonstration that
the isolated UB can grow and branch extensively in the
absence of any supporting mesenchyme, if placed in an
artificial matrix with the right combination of condi-
tioned media and/or purified growth factors (Perantoni
et al., 1991; Qiao et al., 1999a) (Fig. 4). While the pat-
tern of growth and branching of the isolated UB is not
fully normal under these conditions (supporting the
idea that the mesenchyme provides positional informa-
tion), this nevertheless is a very useful system for iden-
tifying novel factors that influence UB branching
(Sakurai et al., 2001), or for analyzing the effects of
known growth factors on the UB (Qiao et al., 2001;
Bush et al., 2004), free of the problem of indirect effects
from mesenchymal or stromal cells.

Organ culture is often a powerful way to study the
phenotypic defects caused by gene knock-outs or other
germline genetic manipulations. However, while this
can provide a relatively fast assay, the generation of
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UB forms terminal ampullae that branch, and the trunks elongate,
but the pattern of branching is not entirely normal (compare
with Figs. 1 and 2). Photographs were taken at 24, 48, 72, 96, and
120 hr of culture (P. Riccio, B. Lu and F. Costantini, unpublished
data).

knock-out and transgenic mouse strains is extremely
time-consuming, and therefore has been a rate limiting
step in manipulating gene expression during kidney de-
velopment. Therefore, there is a need for methods to
manipulate gene expression directly in cells of the cul-
tured kidney, without having to generate new strains of
mutant or transgenic mice. There has been limited, but
encouraging, progress with several approaches to this
problem. Viral vectors are able to infect cells in cultured
kidneys (Herzlinger et al., 1992; Qiao et al., 1995), but
until recently the UB has been inaccessible unless the
mesenchyme is removed. This limitation has been over-
come by the micro-injection of viral vectors directly into
the UB lumen (Li et al., 2005; Polgar et al., 2005). The
electroporation of naked DNA into kidney cultures has
also been used to introduce genes into a sub-population
of mesenchymal cells (Gao et al., 2005) but not yet into
the UB. To inhibit gene expression, the use of small
interfering RNAs (siRNA) appears to be extremely
promising in many systems, and there have been a few
reports of the use of this technique in the study of WD
or UB branching in vitro. The expression of Activin A
has been partially suppressed by lipofection of siRNA
(small interfering RNA) into the rat WD (Maeshima
et al., 2006), while reduced WT1 expression in the me-
senchyme of cultured kidney Davies has been achieved
by a similar method, causing defects in UB outgrowth
or branching (Davies et al., 2004). Another new ap-
proach to the genetic manipulation of the kidney is to
coax embryonic stem cells to contribute to the devel-
oping organ. Genetically marked ES cells injected into
E12 or E13 kidney cultures have contributed to some
epithelial tubules, although apparently not to the UB
(Steenhard et al., 2005; Abrahamson and Steenhard,
2006). In other studies, teratomas generated by injecting
ES cells into mice were found to contain tubules with
the characteristics of WDs and UBs (Yamamoto et al.,
2006); this suggests that it may be possible to coax ES
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cells to contribute to UBs in organ cultures. While these
technologies appear promising, much additional work is
needed before they could replace germ line genetic ma-
nipulation.

In order to delineate the genetic control of renal
branching morphogenesis, it will be essential to have a
thorough description of normal patterns of gene ex-
pression in the developing kidney. There is a large and
increasing collection of data on the patterns of expres-
sion of individual genes, often based on in situ hybrid-
ization (Davies, 1999), as well as on global gene
expression profiles derived from microarray studies
with whole kidneys at different stages (Stuart et al.,
2001, 2003; Schwab et al., 2003), as well as micro-dis-
sected tissues such as UBs and metanephric mesen-
chyme (Stuart et al., 2003; Schmidt-Ott et al., 2005;
Caruana et al., 2006a). An NIH-supported consortium,
GUDMAP: A Molecular Atlas of Genitourinary De-
velopment (www.gudmap.org), is currently collecting
both types of data on a large scale and making it avail-
able to the scientific community.

Cellular processes driving renal branching
morphogenesis

Cell lineage in the UB

Although some exchange of cells between the UB and
the metanephric mesenchyme/nephron lineage has been
observed in organ culture (Herzlinger et al., 1993; Qiao
et al., 1995), in vivo the UB epithelium seems to be a
discrete cell lineage, which grows without either incor-
porating cells from the mesenchyme or releasing cells
that contribute to other structures. This has been shown
most clearly by studies in which a transgenic mouse line
expressing Cre recombinase in either the UB or MM
was mated with a Cre-reporter strain, which turns on a
reporter gene such as lacZ, and maintains its expression
in all daughter cells (Soriano, 1999; Oxburgh et al.,
2004; Kobayashi et al., 2005). The daughters of cells
labeled by a UB-specific Cre gene were only found
within the UB at later stages, while those labeled by a
MM-specific Cre did not contribute to the UB. There-
fore, the new cells required for the growth of the UB
must arise exclusively through cell proliferation.
Within the UB, the location of proliferating cells has
been examined mainly at early stages of kidney devel-
opment, when very active branching is occurring, and at
these stages the highest rates of proliferation are in cells
close to the tips of the UB branches, with much lower
numbers of proliferating cells in the trunks (Fisher
et al., 2001; Meyer et al., 2004; Michael and Davies,
2004). These data are consistent with the rapid expan-
sion of UB tips to form the ampullae, which give rise to
the next generation of branches. This suggests that “tip
cells” are likely to serve as the progenitors of trunk

cells, since as branching proceeds, the ratio of tips cells
to trunk cells decreases greatly; since the tip cells are
rapidly proliferating, many of them must be recruited to
generate the new trunks.

Such a model received direct support from studies in
which genetically mosaic kidneys, expressing Hoxb7/
GFP in only a small proportion of UB cells, were fol-
lowed during growth in organ culture (Shakya et al.,
2005b). When GFP+cells located in a UB tip at the
start of the culture were traced over time, they initially
remained at the tip and increased in number, while the
adjacent trunk elongated without incorporating any
labeled tip cells; however, after the tip had branched,
some of the GFP+daughter cells remained in the new
tips, while others had contributed to the new trunks
(Fig. 5). This process did not involve retrograde cell
migration from tip to trunk but, rather, some tip cells
appeared to stay behind in the newly formed trunk as
the tip grew forward. This observation suggested that
tip cells are bipotential, and give rise to both trunk and
tip cells (Shakya et al., 2005b). The possibility that
trunk cells can give rise to tip cells has not been directly
examined, but the phenomenon of lateral branching (in
which a new tip forms from the trunk of an existing
branch) implies that this transition can also occur.

The conclusion that UB tips are the major growth
centers of the UB is based on observations of the early
growth of the kidney in culture, at the stage during
which rapid, repeated branching is occurring. During
later kidney growth, when extensive elongation of the
collecting ducts occurs (Oliver, 1968; Cebrian et al.,
2004), it is likely that the ducts grow largely by an in-
trinsic mechanism (e.g., internal cell division, changes in
cell shape, or convergent extension—see below) rather
than by the acquisition of new cells from the tip.

The distinction between UB “tip” and ““trunk” cells
is not based exclusively on their location in the UB, but
is also reflected in patterns of gene expression—many
genes examined by in situ hybridization or micro-dis-
section are expressed preferentially or exclusively in the
UB tips or in the trunks (Davies, 1999; Schmidt-Ott
et al., 2005; Caruana et al., 2006a). Therefore, when a
tip cell gives rise to a trunk cell it must significantly alter
its pattern of gene expression. At least some of the dif-
ferences in gene expression patterns between UB tip and
trunk appear to be an intrinsic property of the growing
UB, rather than being imposed by signals from the
surrounding cells in the kidney. This conclusion is based
on two observations: (1) in transgenic mice misexpress-
ing GDNF in the WD, which form ectopic UBs from
the WD in extra-renal regions, these ectopic buds ex-
press tip markers (Ret, Gfral, Wnt11) only at their tips,
even though they are in a “foreign’ environment, sur-
rounded by cells that appear distinct from normal renal
mesenchyme or stroma (Shakya et al., 2005a); and (2)
isolated UBs, cultured in the absence of mesenchymal
cells, also continue to express tip markers only at their



Fig.5 Fate of tip cells during ureteric bud (UB) elongation and
branching. (A) Cultured kidney from a chimeric mouse embryo
generated by injecting ES cells carrying the Hoxb7/green fluores-
cent protein (GFP) transgene into a wild-type blastocyst. (B-E),
Enlargements of the boxed area in A, at the indicated times of
culture. B, Two clusters of GFP+cells are initially located at the
tips (brackets), adjacent to a segment of UB trunk devoid of
GFP+cells (yellow dashed line). During initial elongation (C), the
GFP++cells remain in the tip, and increase in number, while the
trunk elongates without incorporating cells from the tip. Starting at
27 hr (D-E), the GFP+cells became more widely distributed, some
remaining at the tip (bracket in E) and others remaining behind in
the new trunks (white dashed lines). Scale bars, 0.25 mm. Modified
from Shakya et al. (2005b) by permission of Elsevier.

tips, not in their trunks (B. Lu and F. Costantini, un-
published data). How the tip and trunk maintain their
distinct identities is an interesting problem.

Cellular mechanisms of branching

How does a straight epithelial tube give rise to a
branched tube during UB morphogenesis? It is first im-
portant to point out that the continuity of the UB ep-
ithelium and its lumen remains intact during UB growth

409

and branching (Meyer et al., 2004). Few if any cells
delaminate from the epithelium and rejoin it later, nor
are new branches formed by solid clusters of cells that
later reform an epithelium. Instead, the bud epithelium
gradually changes shape without losing its integrity or
polarity. There are many cellular processes that, in
principal, could drive such changes in epithelial shape,
including intrinsic (active) mechanisms such as localized
cell proliferation or cell death, cell migration, or chang-
es in cell shape or cell adhesion; and extrinsic (passive)
mechanisms such as forces exerted on the epithelium by
the extracellular matrix or by surrounding cells or tis-
sues (Ettensohn, 1985; Hogan, 1999; Pilot and Lecuit,
2005). It is not yet clear to what extent each of these
mechanisms contributes to UB branching, but several
of them have been implicated.

Localized cell proliferation appears to contribute to
the evagination of the primary UB from the WD, as
well as the formation of ampullae at the UB tips. Pro-
liferation rates are higher on the side of the WD where
the UB is beginning to form (Michael and Davies,
2004), and also much higher in UB tips than in trunks
(Fisher et al., 2001; Meyer et al., 2004; Michael and
Davies, 2004). Localized proliferation could drive the
transformation of a rounded ampulla to a branched
structure, if it occurred preferentially at two opposite
ends of the ampulla and was reduced in the middle (i.e.,
in the forming cleft). While one study using isolated
UBs noted a higher rate of proliferation in regions of
the ampulla giving rise to new buds (Meyer et al., 2004),
more extensive and quantitative studies are required to
resolve this issue. In the case of lung epithelial branch-
ing, a specific attempt to detect such localized prolifer-
ation coupled to branching failed to provide evidence
for such a mechanism (Nogawa et al., 1998). Localized
apoptosis could also contribute to branching, by reduc-
ing cell number in the forming cleft while the cell
number increases in the two forming branches. How-
ever, while one study (Meyer et al., 2004) revealed a
higher number of apoptotic cells in trunks than in am-
pullae of the isolated UB growing in culture, there were
not increased numbers of apoptotic cells in branch
points. Furthermore, the overall number of apoptotic
cells in normally growing UBs is extremely low (Coles
et al., 1993), suggesting that cell death is not likely to be
a major factor in UB branching morphogenesis.

UB branching could be driven by the directed mi-
gration of epithelial cells towards the two (or three)
poles of the ampulla. Directed cell migration within the
epithelium (in response to FGF) has been described as
an important process driving the morphogenesis of the
air sac in late Drosophila larvae (Cabernard and Affol-
ter, 2005), and a similar mechanism might contribute to
UB branching. There appears to be extensive cell mo-
tility within the UB epithelium, as shown by time lapse
microscopy of cultured kidneys mosaic for the expres-
sion of the Hoxb7/eGFP gene (Shakya et al., 2005b).
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However, it was not clear from this study whether the
cell movements are directed or random. One source of
support for a cell migration model is the observation
that GDNF, a factor secreted by the MM, promotes
both the branching of the UB and the directed migra-
tion (i.e., chemotaxis) of cultured cells expressing the
GDNF receptor, Ret (Tang et al., 1998) (see further
discussion of this model below). However, it remains to
be determined if cell migration is indeed important for
UB branching.

Yet another potential driving force for branching is a
change in cell shape mediated by the cytoskeleton: the
concerted transformation of epithelial cells from a cub-
oidal to a wedge shape could cause localized folding of
the epithelial sheet, leading to branch initiation (Etten-
sohn, 1985). Meyer et al. (2004) observed that UB trunk
cells are predominantly cuboidal, while wedge-shaped
cells with a larger basal aspect were found in the am-
pullae and in forming outpouches from the ampullae
(i.e., sites of new branch formation). Furthermore, they
saw strong actin staining along the apical surface of the
wedge-shaped cells, suggesting localized contraction of
the actin/myosin cytoskeleton, as well as the localiza-
tion of Ezrin, an actin-binding protein involved in cell
motility, at the apical surface of cells in the ampullae.
Based on these observations, they proposed that UB
branching may be driven by a “purse-string” model
(Ettensohn, 1985), in which contraction of an apical
actin ring leads to formation of wedge shaped cells, re-
sulting in a smooth out pocketing of the epithelium.
Michael et al. (2005) showed that treatment of kidney
cultures with drugs that disrupt actin micro-filaments,
or block the tension-producing activity of myosin on
actin, results in bloated, misshapen UBs with reduced
branching, which is consistent with such a model.

Other UB-intrinsic mechanisms that might contrib-
ute to local branch initiation include local changes in
cell adhesion, or the local remodeling of the basement
membrane by matrix-degrading enzymes secreted by
specific subsets of UB cells (e.g., matrix metallopro-
teases) (Al-Awqati and Goldberg, 1998; Meyer et al.,
2004).

While it is possible that extrinsic physical forces ex-
erted by the surrounding cells also contribute to UB
branching, the ability of the isolated UB to branch ex-
tensively in an artificial matrix (Perantoni et al., 1991;
Qiao et al., 1999a) indicates that this is not an essential
process for branching. As the overall pattern of branch-
ing morphogenesis differs somewhat between the intact
kidney and the isolated UB, cells outside the UB ap-
parently modify and refine the pattern of growth and
branching. However, this may be accomplished through
the local activity of growth factors, matrix components
or matrix-altering enzymes, or other factors secreted by
the mesenchyme, rather than by physical forces.

In addition to the decisions of when, where, and at
what angle to branch, the overall pattern of the devel-

oping collecting system is influenced by other processes,
including elongation, widening and narrowing of the
UB trunks, and more complex types of epithelial re-
shaping (such as the remodeling of a single trifid branch
point into two bifid branch points, Watanabe and Cos-
tantini, 2004). Other than an obvious requirement for
cell proliferation for the overall growth of the UB, the
cellular mechanisms underlying these processes remain
unknown. However, it is interesting to speculate that
elongation of the UB trunks, which is often accompa-
nied by narrowing, could be accomplished by conver-
gent extension, a process of cell intercalation that leads
to lengthening of groups of cells during other develop-
mental events such as germ band extension in Dro-
sophila and gastrulation in vertebrates (for a recent
review, see Keller, 2006).

Signals and receptors controlling UB branching
morphogenesis

In principle, the signals that promote and direct UB
branching morphogenesis could be derived from a va-
riety of sources, including the UB itself as well as any
other cell population in the developing kidney, includ-
ing the metanephric mesenchyme, nephron progenitors,
stroma, or vascular cells. While evidence for a major
role of the MM has existed for decades (Grobstein,
1953b, 1955; Erickson, 1968), recent data implicate sev-
eral other cell types as well. The fact that the isolated
UB can branch (Meyer et al., 2004) implies that local-
ized, autocrine signals from the UB epithelium itself
cause buds to form in some regions while inhibiting
them in others. Mutations in genes expressed in cortical
stromal progenitors can affect UB branching, implying
that signals from these cells (yet to be identified) act on
the UB (Hatini et al., 1996; Mendelsohn et al., 1999;
Batourina et al., 2001; Levinson and Mendelsohn, 2003;
Cullen-McEwen et al., 2005); in addition, BMP4 (bone
morphogenetic protein 4) expressed in stromal cells
surrounding the WD and primary UB appears to reg-
ulate UB outgrowth, as discussed below. Another re-
cent study has provided evidence that a signal produced
from angioblasts in the kidney primordium, in response
to MM-derived Vegfa, is also needed to maintain early
UB branching (Tufro-McReddie et al., 1997; Gao et al.,
2005).

While several of the aforementioned signals remain
hypothetical, a large number of specific growth factors
have been implicated, with varying degrees of certainty,
in the control of renal branching morphogenesis. This
topic has been extensively reviewed in recent years
(Davies, 2002; Piscione and Rosenblum, 2002; Vainio
and Lin, 2002; Carroll and McMahon, 2003; Vainio,
2003; Shah et al., 2004) and this paper will not include a
complete survey. Instead, it will focus on two general



classes of growth factors whose roles in UB branching
have been the subject of recent advances, and which
appear to serve generally opposing roles in the regula-
tion of this process: GDNF and FGFs (fibroblast
growth factors), which signal through tyrosine kinase
receptors, and promote UB growth and branching; and
several members of the TGFp (transforming growth
factor B) family, which appear to provide mainly neg-
ative regulation.

GDNF and FGFs

GDNF: GDNEF is the growth factor most extensively
implicated in UB branching morphogenesis (reviewed in
Sariola and Sainio, 1997; Costantini and Shakya, 2006).
Although a distant member of the TGFf superfamily,
GDNF, unlike other members of this family, signals
primarily through a receptor tyrosine kinase, Ret, to-
gether with the co-receptor Gfral (Takahashi, 2001;
Arighi et al., 2005). GDNF is first expressed in the
metanephric mesenchyme adjacent to the caudal region
of the WD, from which the UB will emerge, while Ret
and Gfral are expressed throughout the WD epithelium
(Pachnis et al., 1993; Hellmich et al., 1996; Baloh et al.,
1997; Sainio et al., 1997). Knock-out of any one of these
genes results most frequently in renal agenesis, due to
failure of the UB to emerge from the WD (Schuchardt
et al., 1994; Moore et al., 1996; Pichel et al., 1996; San-
chez et al., 1996; Cacalano et al., 1998; Enomoto et al.,
1998). This, together with the ability of ectopically ex-
pressed or applied GDNF to induce the formation of
supernumerary UBs from the WD, in explants of
E10.5-E11.5 urogenital regions (Vega et al., 1996;
Sainio et al., 1997) or in vivo (Shakya et al., 2005a)
(Fig. 3), revealed that one of the first roles of GDNF in
the mammalian excretory system is to promote UB
outgrowth. However, GDNF is apparently not the only
signal that contributes to this event, because even in the
absence of GDNF, Ret or GFRal, the UB forms in
approximately the correct location in a fraction
(~ 20%—-40%) of mutant embryos (Schuchardt et al.,
1996). Further evidence for the importance of GDNF
has come from studies of several other genes (including
transcription factors as well as other signaling mole-
cules or receptors), which have been found to regulate,
either positively or negatively, the level, timing or spa-
tial extent of GDNF expression. Mutations in these
genes result in either the failure of UB outgrowth, or the
formation of ectopic, supernumerary UBs, as a conse-
quence of altered GDNF expression (for recent reviews
of this topic, see Bouchard, 2004; Costantini and
Shakya, 2006).

As the UB extends into the metanephric blastema
and begins to branch, Ret and GFRal become down-
regulated in the trunks of the UB and restricted to the
tips, while GDNF expression becomes restricted to the
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peripheral, undifferentiated mesenchyme surrounding
the UB tips, and this pattern persists throughout kidney
development. GDNF signaling via Ret is important for
continued UB branching morphogenesis, based on sev-
eral types of evidence. These include the reduced UB
growth and branching caused by murine mutations that
reduce (but do not eliminate) GDNF/Ret signaling (Pi-
chel et al., 1996; Batourina et al., 2001; de Graaff et al.,
2001; Jijiwa et al., 2004), and studies in which GDNF or
anti-GDNF antibodies were added to cultured kidneys
(Vega et al., 1996; Pepicelli et al., 1997; Towers et al.,
1998; Ehrenfels et al., 1999) or isolated UBs (Qiao et al.,
1999a) (reviewed in Costantini and Shakya, 2006).

At least three of the well-characterized signaling
pathways downstream of Ret, the Ras/Erk MAP kin-
ase, PI3-kinase/Akt, and PLC-y/calcium pathways,
serve important roles in UB growth and/or branching.
In organ culture, chemically inhibiting either PI3-kinase
or PLC-y severely inhibits UB growth and branching
(Tang et al., 2002; Jain et al., 2006), while inhibiting the
Erk pathway reduces the rate of branching while only
slightly inhibiting elongation (Fisher et al., 2001; Wata-
nabe and Costantini, 2004). While such inhibitors may
also block signaling by other tyrosine kinase receptors
involved in UB branching (e.g., FGF receptors), there is
also data from specific mutations of the Ret receptor
that implicates these pathways in the response to
GDNF: an amino acid substitution for tyrosine 1062
of Ret9 (one of the two major Ret isoforms), which
blocks activation of both Erk MAP kinase and PI3-
kinase signaling in response to GDNF, results in severe
defects in UB branching in vivo (Wong et al., 2005; Jain
et al., 2006), as does a substitution for Ret tyrosine
1015, which prevents activation of the PLC-y pathway
(Jain et al., 20006).

One of the major consequences of GDNF/Gfral/Ret
signaling is presumably the transcriptional activation of
a set of “target” genes, but only a few of these targets in
UB cells have been identified. One is the Ret gene itself,
indicating a positive feedback loop that presumably
reinforces the tip-specific expression pattern of Ret
(Pepicelli et al., 1997). A second is Wntl1, another UB
tip-specific gene that functions in the same positive
feedback loop (Kispert et al., 1996; Pepicelli et al.,
1997). Loss of Wntl1 results in reduced levels of GDNF
in the MM and a mild reduction in UB branching,
suggesting that Wntl1 signaling to the MM helps to
maintain GDNF expression (Majumdar et al., 2003). A
third target gene is Sproutyl (Spryl), an intracellular
negative regulator of tyrosine kinase signaling, which
generates a negative feedback loop to regulate UB out-
growth and branching (Basson et al., 2005). Spryl — / —
embryos often develop multiple ectopic UBs and mul-
tiplex kidneys, and a two-fold reduction of the GDNF
gene dosage rescues these defects, revealing that Spryl
is needed to regulate budding by the WD in response to
GDNEF (Basson et al., 2005). Spryl function in the UB
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is also important to regulate later UB branching, as
Spryl — / — embryos (or those with UB-specific knock-
out of Spryl) display an irregular pattern of branching
with an increased tip number, apparently due to mis-
expression of Wntll in the UB trunks and increased
GDNF expression in the MM.' In addition, expression
of human Sprouty2 in the UB of transgenic mice caused
decreased UB branching (Chi et al., 2004). It is not yet
clear which signaling pathway(s) downstream of Ret is
regulated by Spryl in the UB, as Sprouty proteins can
negatively regulate the ERK MAP kinase pathway as
well as the PLC-y and PI3-K pathways in response to
FGF signaling (Sivak et al., 2005; Edwin et al., 2006;
Mason et al., 2006).

What are the specific responses of UB cells that allow
GDNF/Gfral/Ret signaling to exert its effects on both
UB outgrowth and subsequent branching? Among the
cellular processes discussed above that might mediate
epithelial branching, GDNF has been implicated in two
of them, proliferation and migration (and might also
have effects on UB cell-cell adhesion, Sainio et al.,
1997). GDNF beads placed next to a cultured kidney
cause the expansion of the adjacent UB tips, apparently
due to increased UB cell proliferation (Pepicelli et al.,
1997; Michael and Davies, 2004). This is consistent with
the mitogenic properties of GNDF for other cell types
(Hu et al., 1999; Taraviras et al., 1999). Proliferation
appears to be an important factor in the expansion of
the ampulla, but whether GDNF-driven proliferation
drives the subsequent branching of the ampulla is un-
clear. To do so, it would have to be very local prolif-
eration, while the expression of GDNF surrounding the
UB tips (at least at the mRNA level) is rather diffuse
(Hellmich et al., 1996). This makes such a model un-
likely, unless the distribution of secreted GDNF protein
were much more localized. GDNF has also been impli-
cated as a chemoattractive factor for migrating enteric
neural crest cells (Young et al., 2001; Natarajan et al.,
2002) and for cultured kidney cells (Tang et al., 1998),
and it has been proposed that GNDF, via a related
mechanism, guides the direction of growth of UB tips
(Sariola and Saarma, 2003). However, again, the dis-
tribution of GDNF protein would have to be more
highly localized than the GDNF mRNA distribution to
serve such a role.

An experiment specifically designed to test the role of
GNDF as a chemoattractive cue for UB morphogenesis
failed to provide evidence for such a model. In this
study, GDNF was misexpressed throughout the WD
and UB of transgenic mice, in the presence or absence

'Basson, A. M., Watson-Johnson, J., Shakya, R., Akbulut, S.,
Hyink, D., Costantini, F.D., Wilson, P.D., Mason, 1.J., and
Licht, J., Branching morphogenesis of the ureteric epithelium
during kidney development is coordinated by the opposing
functions of GDNF and Sproutyl. Manuscript submitted.

of endogenous GDNF (Shakya et al., 2005a). GDNF
misexpression in the WD caused the outgrowth of nu-
merous ectopic buds, many of which branched repeat-
edly outside of the kidney (supporting the idea that
GDNF somehow promotes epithelial branching) (Figs.
3E,3F). However, even in the absence of endogenous,
mesenchymal GDNF, the expression of GDNF in the
UB epithelium was sufficient to promote nearly normal
kidney development, including the characteristic bifur-
cation of UB tips at the periphery of the growing kidney
(Shakya et al., 2005a). Therefore, if GDNF does serve
as a chemoattractive factor for UB tips (which remains
a possibility), it must be largely redundant with other
chemoattractive factors.

Additional insight into the role of GDNF/Ret signa-
ling has been obtained from studies in which ES cells
homozygous for a Ret null mutation, and also carrying
the Hoxb7/GFP transgene, were injected into wild-type
blastocysts to generate chimeric embryos (Shakya et al.,
2005b). In the genetically mosaic kidneys that resulted,
the GFP marker could be used to follow the ability of
the Ret—/— cells to participate in WD and UB
morphogenesis. While Ret —/ — cells were able to con-
tribute extensively to the WD and to the trunk of the
primary UB, they were specifically excluded from the
tip of the primary UB at E11.0 (which was composed of
only wild-type cells) (Figs. 6A,6B). At the T-stage, the
mutant cells had progressed into the trunks of the sec-
ondary branches, but were excluded from the two new
tips, and at later stages they were found in the trunks of
several generations of branches, but never in the tips
(Figs. 6C-6F). Thus, Ret is required for UB cells to
contribute to the tip domain. One simple explanation
may be that GDNF-driven UB cell proliferation is re-
sponsible for the formation of the tip domain, and thus,
cells lacking Ret are unable to participate, but other
models (such as a requirement for Ret for cell migration
into the tip) cannot be excluded without further studies
(Shakya et al., 2005b).

Another observation from these studies, which is rel-
evant to the mechanism of UB branching, was that in
the secondary UB branches, the Ret —/— cells were
only located on one side of the epithelial tube, the side
nearest to the parental branch (Figs. 6C,6D). The sim-
plest explanation for this non-random distribution is
that new branches arise from the remodeling of the
ampulla together with an adjacent segment of UB
trunk, rather than simply from the ampulla. In this
model, cells from the ampulla (tip cells) give rise to the
new generation of tips and to the distal side of the
trunks (consistent with the conclusion, mentioned
above, that tip cells are bipotential) while the trunk
cells generate the proximal side of the new branches
(Fig. 7).

FGFs: While numerous members of the FGF family
are expressed in the developing kidney (Cancilla et al.,
2001; Chi et al., 2004), FGF7 and FGF10 have been



Fig. 6 Inability of Ret — / — cells to contribute to ureteric bud (UB)
tips in chimeric kidneys. Ret—/— ES cells carrying the Hoxb7/
green fluorescent protein (GFP) transgene were injected into wild-
type blastocysts to examine their developmental potential in the
kidneys of chimeric mice. (A) and (E) show GFP florescence, (C)
shows superimposed bright field and GFP, and (B), (D) and (F) are
counterstained with anti-cytokeratin (red) to show the entire Wolf-
fian duct (WD)/UB epithelium. A-B, At E11.0 mutant cells (green)
have contributed extensively to the Wolffian duct and the trunk of
the primary UB, but not to the tip (arrow). C-D, At E11.5, Ret —/
— cells contribute to the epithelium of the two secondary UB
branches, on the side proximal to the ureter (arrows), but not to the
tips or to the distal side of the branches. E-F, In an E11.5 kidney
cultured for 38 hr, the mutant cells fail to contribute to the distal
branches or tips. For experimental details, see Shakya et al.
(2005b).

most strongly implicated in UB branching morphogen-
esis (Qiao et al., 1999b, 2001; Ohuchi et al., 2000). These
two FGFs both bind with high affinity to the FGFR2b
(FGF receptor 2b) (Zhang et al., 2006), a receptor
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Tip cells —:- Tip cells

Fig.7 A model for cell lineage during ureteric bud (UB) branching,
based on the behavior of wild-type green fluorescent protein
(GFP)+cells (e.g., Fig. 5) and Ret —/— cells (e.g., Fig. 6) in chi-
meric kidneys. (A) A UB branch contains trunk (green) and tip
(blue) domains. (B), The trunk first elongates without acquiring tips
cells, while the tip grows, stimulated by GDNF/Ret signaling, to
form the ampulla. As branching ensues (C and D), the ampulla and
the adjacent trunk epithelium are remodeled by hypothetical forces
(arrows in C), causing the trunk epithelium to form the proximal
side of two new trunks (asterisks in E), while tip cells form the two
new tips and the distal epithelium of the new trunks (black bracket).
(F), Summary of lineage relationships between tip and trunk cells;
tip cells generate both tip and trunk cells, while trunk cells generate
only more trunk cells during terminal branching (but presumably
can form tip cells during lateral branching). (A)—(E) are modified
from Shakya et al. (2005b) by permission of Elsevier.

tyrosine kinase that (within the kidney) is expressed
primarily or exclusively in the UB epithelium (Qiao
et al., 2001; Zhao et al., 2004). FGF7 mRNA was first
detected starting at E14.5 in the stroma surrounding the
ureter and collecting ducts (Qiao et al., 1999b), and
FGF10 mRNA was seen in medullary stroma at E15.5
(but in an ill-defined pattern at earlier stages) (D. Herz-
linger and R.Guillaume, personal communication). The
kidneys of mice lacking either FGF7 or FGFI10 are
slightly smaller than normal (Qiao et al., 1999b; Ohuchi
et al., 2000), with reduced nephron number in the case
of FGF7 (Qiao et al., 1999b). Because of their similar
receptor-binding properties and overlapping expression,
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FGF7 and FGF10 are likely to be partially redundant
for kidney development in vivo, but the phenotype of
double FGF7/FGF10 mutant mice has not yet been
reported.

The effects of FGFs on UB morphogenesis have also
been examined in organ culture. Transient addition of
FGF7 to intact kidney organ cultures increased UB
growth and branching as well as nephron number, while
in contrast, prolonged exposure caused dilation and
delayed differentiation of the UB (Qiao et al., 1999b). In
the isolated UB system, FGF7 caused the UB to branch
in a compact manner without clear stalks or ampullae,
while FGF10 stimulated the formation of long stalks
with distinct ampullae (Qiao et al., 2001) (Fig. 4). Thus,
these two FGFs are implicated by both gain- and loss-
of-function studies in UB morphogenesis, and may
promote different aspects of branching morphogenesis.

Genetic manipulation of the FGFR2b receptor iso-
form has also revealed an important role for FGFs in
this process. Transgenic mice that expressed a soluble
dominant negative from of FGFR2b displayed agenesis
or severe dysgenesis of the kidney (Celli et al., 1998).
While FGFR2 —/ — embryos die before kidney devel-
opment, recently a UB-specific knock-out of a condi-
tional FGFR?2 allele was carried out using a Hoxb7/Cre
transgene (Zhao et al., 2004). While renal agenesis was
not observed, the kidneys of the mutant mice were con-
siderably smaller than normal, with thin UB stalks, re-
duced and aberrant UB branching, and reduced
nephron number. In contrast, knock-out of FGFRI1 in
the UB had no effect on kidney development, and the
double Fgfr1/2 UB knock-out was no more severe than
FGFR2 alone (Zhao et al., 2004). These results clearly
implicate FGFs as an important class of growth factors
for UB branching morphogenesis. Because FGFs and
GDNF signal through related tyrosine kinase receptors
and activate many of the same downstream pathways
(Eswarakumar et al., 2005), it is likely that there is some
degree of redundancy between GDNF and FGF signa-
ling during kidney development. Whether one of the
FGFs could also be involved in stimulating the out-
growth of the UB from the WD (and perhaps account
for the occasional UB formation in GDNF —/— or
Ret — / — mice) remains to be tested.

Several other members of the FGF family, including
FGFs 1, 2, 3, 4, 5, 6, 8, and 9 are expressed in the
developing kidney (Qiao et al., 1999b, 2001; Cancilla
et al., 2001), but none of the knock-outs aside from
FGF7 and FGF10 cause obvious renal developmental
defects, likely due to redundancy. Targeted inactivation
of FGF8 in the MM lineage using Pax3-Cre, or using T-
Cre which functions throughout the mesoderm, showed
that FGFS is required for survival of nephron progen-
itors and formation of S-shaped bodies by nascent ne-
phrons and, but there is no evidence for a direct effect
of FGF8 on the UB (Grieshammer et al., 2005; Peran-
toni et al., 2005).

TGFB superfamily members

BMPs: Several members of the BMP family have
been implicated in UB branching morphogenesis. BMPs
2, 3,4, 5, 6 and 7 are all normally expressed in the
developing kidney in distinct but partially overlapping
patterns, as are their receptors (Dudley and Robertson,
1997; Godin et al., 1999; Martinez et al., 2001; Simic
and Vukicevic, 2005). Of these, BMP4 is most clearly
involved in regulating UB budding from the WD and
subsequent branching.

BMP4 is expressed in stromal cells surrounding the
WD before UB outgrowth and the stalk of the primary
UB once it emerges, and later surrounding the collect-
ing ducts, as well as in nascent nephrons (Dudley and
Robertson, 1997). The BMP receptor subunit Alk3
(BMPR-1A) is expressed in both the WD/UB lineage
and in the mesenchyme, while Alk6 (BMPR-1B) is spe-
cific to the WD and UB (Miyazaki et al., 2000; Ra-
atikainen-Ahokas et al., 2000; Martinez et al., 2001).
While BMP4 — / — embryos die before kidney develop-
ment (Winnier et al., 1995), heterozygotes sometimes
display ectopic or duplicated UBs, which lead to ure-
teral and renal abnormalities inlcuding hydroureter,
double ureter, and hypodysplastic kidneys (Miyazaki
et al., 2000, 2003). The abnormal sites of ureteric bud-
ding in these mice led to the proposal that BMP4 may
normally suppress ectopic bud formation from the WD
(Miyazaki et al., 2000, 2003).

Studies in organ culture lent support to this model,
and also showed that BMP4 can inhibit subsequent UB
branching. BMP4 blocks the ability of GDNF to induce
ectopic budding from the WD (Brophy et al., 2001), and
BMP4-soaked beads placed next to the kidney inhibit
nearby UB branching (Miyazaki et al., 2000). Addition
of BMP4 to the culture medium also reduces UB
branching, primarily in the posterior portion of the
kidney, suggesting a role in the anterior-posterior pat-
terning of the kidney (Raatikainen-Ahokas et al., 2000;
Martinez et al., 2002; Cain et al., 2005). The target cells
for these inhibitory effects were unclear, as BMP4 re-
ceptors are expressed both in the WD/UB and in the
mesenchyme. However, this issue was clarified by ex-
periments in which isolated UBs, free of mesenchyme,
were cultured with BMP4 or other members of the
TGFB family (Bush et al., 2004). BMP4 strongly inhib-
ited the growth and branching of the isolated UB, dem-
onstrating that this factor is capable of directly affecting
UB branching morphogenesis. Additional support for
this conclusion comes from a study in which a consti-
tutively active Alk3 receptor was expressed specifically
in the UB lineage in transgenic mice. This caused a de-
crease in UB branching at E13.5 and renal aplasia,
dysgenesis or renal medullary cystic dysplasia (with a
decreased number of collecting ducts) in adult trans-
genic mice (Hu et al., 2003). These in vitro and in vivo
results indicate that increased BMP4 or Alk3 signaling



can inhibit UB branching, while the defects in some
BMP4+/— mice indicate that normal levels of BMP4
are needed to regulate UB outgrowth. Further manip-
ulation of BMP4 expression or BMP signal transduct-
ion, though conditional gene targeting or other
transgenic manipulations is needed to further elucidate
the role of BMP4 in UB branching morphogenesis.

Another source of insight into this issue has been the
analysis of mutations in Gremlin (Greml), a cysteine
knot protein that preferentially antagonizes BMP2 and
BMP4 (and weakly BMP7). At E10, Gremlin is nor-
mally expressed in the posterior WD and in the sur-
rounding MM. In Greml—-/— embryos, UB
outgrowth is completely blocked, resulting in renal
agenesis (Michos et al., 2004), and it was therefore pos-
tulated that Gremlin normally functions to block the
inhibitory effect of a BMP on UB outgrowth. BMP2 is
unlikely to be the relevant target of Gremlin in this
situation, as it is expressed only later in the nascent
nephrons, while BMP7 has no apparent role in UB
outgrowth or early branching in vivo, so BMP4 is the
likely target of Gremlin at this stage (Michos et al.,
2004). Furthermore, recent genetic studies have revealed
that a reduction of BMP4 gene dosage overcomes the
absence of Grem1 and restores kidney development.?

Several other BMPs may also participate in later
phases of UB branching morphogenesis, although the
evidence is less conclusive. BMP2 can inhibit UB
growth and branching in kidney cultures (Piscione
et al., 1997) or isolated UBs (Bush et al., 2004).
BMP2 — / — embryos die before the stage of kidney
development (Zhang and Bradley, 1996), and while
BMP2+/— mice have apparently normal kidneys
(Martinez et al., 2001; Martinez et al., 2002), a slight
increase in UB cell proliferation and UB branching has
been observed (Hartwig et al., 2005). BMP7 can stim-
ulate branching at low concentrations but inhibits it at
higher concentrations (Piscione et al., 1997). From loss-
of-function studies, however, the best-documented role
of BMP7 (which is expressed in many renal epithelia,
including the UB and nascent nephrons) is to promote
survival of the metanephric mesenchyme (Dudley and
Robertson, 1997; Dudley et al., 1999); while BMP7 —/
— mutant kidneys also show reduced UB branching,
this may be an indirect effect of the mesenchymal
defects (Dudley et al., 1995; Godin et al., 1999).

Given the different activities of various BMPs on the
UB in these assays, it was surprising that BMP4 was
able to fully substitute for BMP7 during kidney devel-
opment in vivo, in a gene-replacement experiment in

>Michos, O., Naillat, F., Gongalves, A, Lopez-Rios, J., Beier,
K., Vainio, S., and Zeller, R. Gremlinl-mediated BMP4 an-
tagonism is key to initiate ureteric bud outgrowth and branch-
ing during metanephric kidney organogenesis. Manuscript
submitted.
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which BMP4 was knocked into the BMP7 locus (Ox-
burgh et al., 2005). BMPs 4 and 7 are only about 30%
identical and bind preferentially to different Type I re-
ceptors. These results suggest that the critical parameter
may be the level of total BMPs in a particular domain,
and that either BMP4 or BMP7 can activate the same
signaling pathways necessary for MM survival
(Oxburgh et al., 2005).

Activin and TGFBs: Other members of the TGFf
family may also play inhibitory roles in UB outgrowth
and branching, based mainly on organ culture studies.
A recent study showed that Activin A, which is pro-
duced by the WD as well as the surrounding me-
sonephros, may help to suppress ectopic UB formation
(Maeshima et al., 2006). A neutralizing Activin A an-
tibody potentiated the bud-inducing activity of GDNF
beads on the WD; furthermore, when the mesonephric
tissue was removed from the WD, GDNF was unable to
induce budding from the isolated WD, except when the
activity of endogenous Activin was blocked using the
natural antagonist Follistatin, or Activin antibodies or
siRNA. Thus, bud formation appears to be negatively
regulated by autocrine/paracrine Activin A signals as
well as the paracrine activity of BMP4 (Maeshima et al.,
20006).

During kidney development, both TGFB1 and
TGF2 inhibit UB growth and/or branching in organ
cultures (Rogers et al., 1993; Ritvos et al., 1995; Clark
et al., 2001; Martinez et al., 2001). It was noted that
they specifically delayed the primary UB branching,
and increased the distances between branch points
(Ritvos et al., 1995), which, interestingly, is similar to
the effect of inhibiting Erk MAP kinase signaling (Fish-
er et al., 2001; Watanabe and Costantini, 2004). Activin
A also decreased UB branching, although the effects
appeared qualitatively somewhat different than those of
TGFB (Ritvos et al., 1995). When added to the isolated
UB, TGFp1 and Activin A (like BMP2 and BMP4) also
strongly inhibited its growth and branching, apparently
by reducing cell proliferation, demonstrating that they
are capable of acting directly on the UB epithelium.
Interestingly, in the presence of added FGF7 (which
itself inhibited stalk elongation) all the TGFp family
members tested promoted elongation and thinning of
the stalks, supporting the idea that the ultimate shape of
the branched UB is molded by a combination of pos-
itive and negative regulators, which may act on different
regions of the UB (Bush et al., 2004).

Of the TGFf1l, 2 and 3 knock-out mice, only
TGFB2—/— mice have kidney defects (Maeshima
et al., 2001), including incompletely penetrant renal
agenesis in females, as well as dilation of the renal pelvis
and deterioration of ureteric epithelium after E15.5
(Sanford et al., 1997). Similarly, no renal defects have
been reported in mice mutant for the various Activin
subunits (Martinez et al., 2001). Therefore, there is
likely some redundancy between the different TGFBs
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and the Activin B subunits in the control of UB
morphogenesis.

Given the evidence for activities of TGF superfam-
ily members on UB branching, it was quite surprising
that the targeted deletion of Smad4 (the unique co-
Smad required for Smad-dependent transcriptional reg-
ulation by BMPs, TGFps, and Activins) in the UB lin-
eage had no apparent effect on UB outgrowth or kidney
development, at least up to E16.5 (Oxburgh et al.,
2004). This indicates that signaling through the Smad4-
dependent pathway is not required in the WD/UB lin-
eage to control normal UB budding and branching, and
that alternative signaling pathways must be at play.
Smad4 could not be detected in the UB (by either RT-
PCR or immunostaining) before E11.75, consistent
with a Smad4-independent mechanism for the effects of
BMP4 on budding and early branching (Oxburgh et al.,
2004). However, it remains possible that some of the
effects of overexpressing BMPs on UB branching in or-
gan culture or in transgenic mice may be Smad4-de-
pendent. Several examples of “non-canonical,” Smad4-
independent BMP signaling have been observed in the
kidney. For example, constitutive Alk3 signaling in renal
collecting ducts can activate the B-catenin/Tcf pathway,
leading to elevated Myc expression (Hu and Rosenblum,
2005). In addition, low doses of BMP7, which stimulate
UB branching in organ culture, can activate p38-MAP
kinase in renal cell lines, through an unknown Smadl-
independent mechanism (Hu et al., 2004).

Concluding comments

As this review should have made clear, while consider-
able progress has been made in recent years, under-
standing how UB branching morphogenesis is con-
trolled remains a formidable challenge.

We now have the ability to visualize early UB
branching in kidney cultures, but technical improve-
ments are needed. These include the ability to better
visualize the shapes and movements of individual cells
within the UB, which may be achieved using different
fluorescent proteins (e.g., to label cell membranes, cyto-
skeleton, or nuclei); fluorescent markers of other “col-
ors” to trace different cell lineages, which can be used to
follow the interactions between the UB, nascent nephr-
ons, stromal cells, and other lineages; and better organ
culture systems, which would allow 3D growth of the
explanted kidney and faithful development to later
stages. Improvements in the methods for culturing iso-
lated UBs, such as the ability to grow the UB in fully
defined culture media, would help to identify factors
that act directly on the UB epithelium to mediate
branching morphogenesis.

Methods for germline genetic manipulation are al-
ready quite powerful, but will be greatly expanded by

the development of additional transgenic lines express-
ing Cre or Flp recombinases in specific renal cell types;
this should be increasingly feasible as additional genes
with specific patterns of expression (which can be used
to drive the recombinase gene) are discovered by efforts
such as GUDMAP. Equally important is the develop-
ment of methods to bypass the germline and manipulate
gene expression directly in organ cultures, and partic-
ularly methods that would allow genes to be directed to
specific locations within the UB epithelium or surround-
ing cells. Branching appears to be initiated by changes
in the behavior of small groups of cells in localized re-
gions of the UB, which may communicate with adjacent
groups of cells, and to understand this process, the
ability to manipulate small and precisely localized
groups of cells would be very powerful. Studies of the
ability of embryonic stem cells (or possibly endogenous
renal stem cells, Oliver, 2004; Steer and Nigam, 2004) to
contribute to developing kidneys may open a different
route to manipulate UB branching.

Identifying the specific cellular and subcellular mech-
anisms that drive UB branching morphogenesis remains
a critical goal. In this area, there is clearly a great deal
to be learned by comparison of branching morphogen-
esis in the kidney with that in other mammalian organs,
as well as lower organisms. It seems likely that the cel-
lular mechanisms underlying such a basic and wide-
spread process are likely to be conserved during
evolution, but there are also undoubtedly important
organ-specific differences (Davies, 2002). Experimental
methods that allow specific processes (e.g., cell prolif-
eration, motility, changes in shape) to be manipulated
in individual cells within the UB epithelium would be a
significant aid in sorting out the important cellular
events. One major area not covered in this review,
which clearly impacts on branching morphogenesis, is
the interaction of the UB epithelium with the extracel-
lular matrix (for reviews, see Pohl et al., 2000; Davies,
2002; Steer and Nigam, 2004)

UB growth and branching are controlled by signals
produced by several types of surrounding cells, and
probably also those between different regions of the
epithelium, and identifying these signals is a critical
goal. In addition to the families of growth factors dis-
cussed in this review, numerous other secreted proteins
have been implicated, and the pattern of growth and
branching is undoubtedly the product of an extremely
complex regulatory network of growth factors. Defining
the normal patterns of expression of all the growth rel-
evant factors and receptors during kidney development
is an important descriptive step, but both gain- and loss-
of-function studies will be needed to determine which of
these are most important. A particularly significant
question is how these signals pattern the UB; how do
they determine the direction of growth of a UB branch,
when it will elongate or branch again, and when it
will stop growing? Again, the ability to manipulate the



expression of such growth factors in a spatially precise
way seems to be an important step in figuring out which
factors are important in this process, and how they
function. As individual factors with significant func-
tions are identified (e.g., GDNF and BMP4), the chal-
lenge will be to identify the specific intracellular
networks that transmit these signals within UB cells,
and the molecular responses, including the expression of
target genes, regulated by each signal. Finally, these
responses must be connected to the cellular behaviors
that carry out morphogenetic program.
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