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SUMMARY

The mammalian kidney is a vital organ with considerable cellular complexity and functional
diversity. Kidney development is notable for requiring distinct but coincident tubulogenic
processes involving reciprocal inductive signals between mesenchymal and epithelial progen-
itor compartments. Key molecular pathways mediating these interactions have been identified.
Further, advances in the analysis of gene expression and gene activity, coupled with a detailed
knowledge of cell origins, are enhancing our understanding of kidney morphogenesis and un-
raveling the normal processes of postnatal repair and identifying disease-causing mechanisms.
This article focuses on recent insights into central regulatory processes governing organ assem-
bly and renal disease, and predicts future directions for the field.
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1 AN OVERVIEW OF CELL PLAYERS AND CELLULAR
PROCESSES IN METANEPHRIC KIDNEY
DEVELOPMENT

The kidney eliminates nitrogenous waste, maintains the
volume, composition, and pressure of the blood, and the
density of our bones. The workhorse of this complex ma-
chine is the nephron: a human kidney comprises 200,000
to 1.8 million of these intricately patterned and functional-
ly compartmentalized epithelial structures assembled over
a lengthy period of fetal life (Hughson et al. 2003). The per-
manent, or metanephric, kidney of the postnatal mammal
is actually the last of three excretory organs to form from
the intermediate mesoderm (IM) by mid-gestation: pro-
nephric, mesonephric, and metanephric kidneys appear
in a cranial to caudal sequence. This article focuses on
the metanephric kidney.

Cell-fatestudiestracingdescendantsof intermediateand
dorsal lateral plate mesoderm cells expressing the transcrip-
tional regulator Osr1 identify Osr1+ cells as founders of the
principle cellular components of the metanephric kidney:
the main body of the nephron, vascular and interstitial cell
types, and the nephric duct (Fig. 1) (Mugford et al. 2008a).

Interactions amongst the different Osr1+ derivatives
are critical for kidney development: mouse organ culture
experiments in the 1950–1970s established the general
framework (Saxen 1987). The nephric duct, a Pax2+Lhx1+

Gata3+ epithelial derivative of a portion of the Osr1+ IM
extends in a rostral to caudal direction from E9.5. A bud,
the ureteric bud (UB), grows out from the nephric duct
at the hind-limb level around E10.5–11.0 of mouse devel-
opment. Subsequent branching and growth of the ureteric
epithelium generates the arborized network of the collect-
ing duct system transporting urine from the nephron to the
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Figure 1. Lineage relationships within the developing mammalian metanephros. The metanephros arises from the
intermediate mesoderm, which gives rise to the nephric duct and the metanephric mesenchyme. The former gives
rise to the cells of the collecting duct system, whereas the latter gives rise both to the epithelial components of the
nephrons (excluding collecting duct) as well as stromal and vascular elements. Key marker genes for compartments
are indicated in gray ovals.
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bladder via the ureter. The initial outgrowth, and subse-
quent branching, of the ureteric epithelium is directed by
signals from metanephric mesenchyme (MM) surround-
ing the branching ureteric tips. Molecular and cell-fate
studies have identified three key progenitor populations
within this mesenchyme (Fig. 1). Six2+Cited1+ MM cells
closest to the branching tips undergo an epithelial transfor-
mation establishing the renal vesicle (RV) in response to
ureteric signals. The RV is the precursor for all components
of the main body of the nephron from podocytes (proxi-
mally) to the connecting segment plumbing into the ure-
teric epithelium (distally) (Boyle et al. 2008; Kobayashi
et al. 2008). A second MM subcompartment of Foxd1+

cells generates interstitial cell types, including pericytes
and their specialized glomerular counterpart, the mesan-
gial cells (Hatini et al. 1996; Humphreys 2010). Finally,
Flk1+ (Kdr/Vegfr2) vascular progenitors exist within the
MM (Gao et al. 2005; Mugford et al. 2008a), and may
actively populate newly forming vasculature through a vas-
culogenic process, and potentially support UB outgrowth
(Gao et al. 2005). Angiogenic ingrowth of blood vessels
likely provides an additional mechanism for vascularizing
the kidney (Abrahamson and Robert 2003).

1.1 Specification of the Metanephric Anlagen

The establishment of the nephric duct requires the cell-
autonomous activity of either Pax2 or Pax8, closely related
PAX-family transcriptional regulators (Bouchard et al.
2002), whereas the LIM family member, Lhx1, is essential
for caudal extension and development of the duct (Tsang
et al. 2000; Pedersen et al. 2005). Consequently no UB
forms in these mouse mutants. At a later stage, Pax2 and
Gata3 (a transcriptional regulator that appears to act
downstream from PAX and LIM factors) are required to es-
tablish the UB (Torres et al. 1995; Lim et al., 2000; Grote
et al. 2006).

With respect to the MM, key transcription factors, in-
cluding Osr1, Wt1, Hoxa11, Hoxc11, Hoxd11, Sall1, Six1,
and Eya1, are essential for normal specification. Wt1 acts
broadly and early within the IM, at least in part as an anti-
apoptotic factor to support MM development (Kriedberg
et al. 1993). In contrast, Osr1 and the Hox11 paralog mem-
bers appear to have a more direct role in specifying cell
fates as no MM forms in their absence, resulting in renal
agenesis (Wellick et al. 2002; James et al. 2006; Mugford
et al. 2008a). Chick studies indicate that Osr1 blocks the
formation of endoderm, and it is the secondary encroach-
ment of endodermal signals that inhibits mesonephric and
metanephric kidney development (Mudumana et al.
2008), whereas Hox11 paralogs play a more direct role in
distinguishing a metanephric program (Wellik et al. 2002;

Mugford et al. 2008b). A temporal restriction in the fate
of the Osr1+ population ensures that at the initiation of
nephrogenesis, E11.5 in the mouse, Osr1+ cells are largely
confined to the nephron progenitor population (Mugford
et al. 2008a). Sall1, Six1, and Eya1 are essential for specific
aspects of metanephric function, notably, the initial cell in-
teractions that lead to UB outgrowth (Sato et al. 2003; Xu
et al. 2003; Sajithlal et al. 2005). Importantly, the expres-
sion of many of these genes within specific compartments
of the kidney at later stages suggests continuing roles that
have not been thoroughly investigated. Further, the analysis
of potential regulatory actions of certain factors within the
MM is complicated by expression in multiple kidney com-
partments; for example, Pax2 acts in the UB but expression
is also present in the MM, however a MM-specific function
for Pax2 has not been addressed.

These key transcriptional regulators are presumed to
regulate MM specification by sequence-specific binding
of DNA targets, although interactions amongst these fac-
tors are likely to influence target specificity (Little et al.
1999). In the MM, Eya/Hox/Pax (Gong et al. 2007) and
Eya/Six/Pax (Brodbeck and Englert 2004) protein com-
plexes have been described, suggesting coordinated spec-
ification resulting from coexpression of these proteins.
Several additional layers of complexity have arisen that
complicate this further. Wt1 has been shown to directly
bind RNA (Caricasole et al. 1996), to interact with the tran-
scriptional machinery (Larsson et al. 1995) and shuttles be-
tween the nucleus and the cytoplasm (Vajjhala et al. 2003),
suggesting potential roles in direct regulation of transcrip-
tion and translation. The stage-dependent association of
Pax2 with trithorax and polycomb complex proteins indi-
cates that Pax2 may regulate activation or silencing of loci
through histone methylation (Cai et al. 2003; Patel et al.
2007).

The power of the mouse as a model of renal disease is
exemplified by the analysis of congenital defects in human
kidney development. Collectively termed congenital anom-
alies of the kidney and urinary tract (CAKUT), CAKUT
phenotypes are broadly classified and include hypoplasia,
dysplasia, multicystic dysplasia, and most commonly vesi-
coureteric reflux (VUR) resulting in obstructive nephrop-
athy (reviewed in Winyard and Chitty 2008; Song and
Yosypiv 2011). Dominant renal hypodysplastic kidneys
(RHD) without overt VURor megaureter present in a num-
ber of syndromes, all of which show mutations in key regu-
lators of early kidney specification first discovered in the
mouse. These include mutations in PAX2 (renal-coloboma
syndrome),EYA1andSIX1(branchio-oto-renal syndrome),
and SALL1 (Townes-Brocks syndrome). Fifteen percent of
patients with RHD show mutations in TCF2/HNF1B or
PAX2, whereas EYA1, SALL1, and SIX1 mutations are less
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frequent. However, the resulting phenotypes are highly var-
iable. CAKUT with VUR is more commonly associated
with genes involved in UB outgrowth such as ROBO2/
SLIT2 and GDNF/RET (Hirschprung’s disease) (Manie
et al. 2001) as we discuss below.

2 REGULATING URETERIC BUD OUTGROWTH
AND BRANCHING

2.1 Gdnf/Ret Signaling

The Gdnf/Ret pathway is a critical regulator of UB out-
growth and branching. Gdnf, secreted by the MM, activates
a Gfra1/Ret receptor-tyrosine kinase (RTK) complex ini-
tiating a signaling cascade that up-regulates expression of
the Ret receptor and triggers outgrowth of Ret positive cells
from the nephric duct toward the GDNF signal (Fig. 2) (re-
viewed in Costantini and Kopan 2010). Loss of Gdnf, Ret,
or Gfra1 in the mouse leads to an almost completely pen-

etrant failure of UB outgrowth, and resulting kidney agen-
esis (Jain et al. 2009). Patients with Hirschsprung’s disease
present with agangliosis of the intestine as a result of
mutations in either Gdnf or Ret; the intestinal pathology
is coupled with renal agenesis, hypoplasia, or dysplasia
(Pini Prato et al. 2009). Whereas a total loss of Ret in the
mouse results in kidney agenesis, inactivating mutations
(such as Y1062F) that remove a specific site of intracellular
phosphorylation of the Ret receptor results in renal hypo-
plasia (Wong et al. 2005; Jain et al. 2006, 2010). This high-
lights the ongoing role for Gdnf/Ret pathway action
beyond the initial outgrowth of the UB. Interestingly, mu-
tation of a different tyrosine, Y1015F, leads to megaureter,
and duplex or supernumerary ureters, multiplexed kid-
neys, or pelvic dilatation; phenotypes more suggestive of
excessive branching and hyperactivity of a Ret-triggered
pathway (Jain et al. 2010). Phosphorylation of Y1015 trig-
gers PLCg signaling, whereas Y1062 phosphorylation trig-
gers PI3K and mitogen-activated protein kinase (MAPK)
signaling. Hence, an appropriate balance in distinct RET
outputs is essential for normal development of the ureteric
network. Murine genetics will continue to illuminate the
intricacies of this complex regulatory process.

2.2 A Role for Other Initiators of RTK Signaling
and Modifiers of the Signal

Ret is not the sole RTK mediating branching (see Fig. 2);
studies with Fgf and Fgfr mutants indicate a role for FGF
signaling (reviewed in Bates 2011). In the appropriate ge-
netic background, Fgf10 can compensate, at least partially,
for the loss of Gdnf (Michos et al. 2010). Vegfa is also re-
ported to increase UB branching in a dose-sensitive fashion,
whereas inactivating antibodies inhibit branching (Tufro
et al. 2007; Marlier et al. 2009). Vegfa effects may be medi-
ated through Flk1 (Kdr/Vegfr2) receptor binding or the
direct interaction of Vegfa with Ret (Tufro et al. 2007).
Hgf binds to the RTK receptor, Met, and the addition of
exogenous Hgf has long been reported to affect branching
in culture. Selective deletion of Met in the ureteric epi-
thelium results in reduced branching, and branching can
be restored by another RTK receptor ligand, Egf (Ishibe
et al. 2009). Further, Angiotensin I/II binding to Agtr1/
Agtr2 in the ureteric tips evokes tyrosine phosphorylation
of Egfr, stimulating branching (Yosypiv et al. 2006) and up-
regulating Ret tyrosine phosphorylation (Song et al. 2010).

Feedback inhibition by the RTK signaling inhibitor
Sprouty 1 (Spry1) restricts the site of branch initiation;
multiple buds emerge from the nephric duct of Spry1
mouse mutants (Basson et al. 2006). Gdnf expression is
also restricted along the anterior–posterior axis of the
mouse embryo by the actions of Foxc2, Slit2/Robo2, and

Grem1
CapM

Utip

ERK
MAPK
PI3K
PLCγ

signaling

RTK
receptors

ERK
MAPK
PI3K

signaling

Cell proliferation

Cell migration

ECM degradation

Branching

Angiotensin I/II

Nephron
formation

Bmp4
Gdnf

Vegfa
Hgf

Fgf10
Egf

(Met,
Kdr,
Egfr,

Fgfr2)

Met
Myb

Cxcr4
Mmp14

Agtr1/2

Etv4/5
Ret

Wnt11
Crlf1

Dusp6
Spred2
Spry1

Sox8/9

Spry1

Ret - Gfrα1
+

Figure 2. An overview of the major signaling pathways involved in
ureteric epithelial branching. The diagram represents an epithelial
cell at the tip of the ureteric epithelium (Utip) and an adjacent cap
mesenchyme (CapM) cell. Growth factors (glial-derived neurotro-
phic factor [Gdnf ], vascular endothelial growth factors [Vegfa], he-
patocyte growth factor [Hgf ], fibroblast growth factor 10 [Fgf10],
epidermal growth factor [Egf ], angiotensin I/II, formed via rennin
cleavage of angiotensinogen [Agt]) from the adjacent cells bind to
a variety of receptor-tyrosine kinases (Ret/Gfra1, Kdr, Met, Fgfr2,
Egfr, and Agtr1/2, respectively) on the surface of the Utip cell trigger-
ing signaling cascades that regulate cell proliferation, migration, and
extracellular matrix (ECM) degradation. The combined actions of
these signaling pathways is continued branching and elongation of
the ureteric epithelium to form the collecting duct system. Target
genes known to be induced via such signaling are indicated.
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Bmp4 signaling (Kume et al. 2000; Miyazaki et al. 2003;
Grieshammer et al. 2004). Gremlin (Grem1), a secreted
Bmp4 antagonist, fine tunes bone morphogenetic protein
(BMP) input enabling branching (Michos et al. 2007).
Once again, the parallels between mouse and human are
evident in CAKUT where mutations in BMP4, FOXC2,
and ROBO2 have been documented (Nakano et al. 2003;
Tabatabaeifar et al. 2009). Together, these inhibitory inputs
ensure the outgrowth of a single UB from the nephric duct,
at an appropriate time and axial position, whereas their loss
leads to duplicated ureters, multiplexed kidneys, and com-
monly, VUR.

Recent advances have led to an increasing appreciation
of the mechanisms of RTK signaling, including down-
stream targets and the role of different arms of the Ret-
driven signaling cascade (Fig. 2). Potential targets of Ret
signaling have been elucidated via microarray comparisons
of isolated UBs cultured with or without Gdnf (Lu et al.
2009). These include the transcriptional regulatory factors,
Etv4 and Etv5, general targets of Gdnf and Fgf signaling in
diverse tissue contexts. In the kidney, Etv4 and Etv5 show
Gdnf- and Fgf-dependent regulation in the branch tips,
and branching is severely compromised when their com-
bined activity is lowered in compound mutant embryos.
Although the data indicate that Etv4/5 establish a tran-
scriptional output critical for branching growth, their tar-
gets remain to be determined (Lu et al. 2009). Sox8 and
Sox9 may act downstream from Ret signaling to activate ef-
fector genes such as Spry1 and Etv5, as well as acting inde-
pendently to control tip identity. Hence, removal of Sox9
activity results in a premature cessation of branching, there-
by terminating nephrogenesis (Reginensi et al. 2011).

RTK-mediated signaling is not the only regulatory
pathway controlling ureteric tree morphogenesis. Wnt
signaling within the ureteric epithelium is also important.
Normal branching, maintenance of a tip progenitor tran-
scriptional signature, and suppression of late markers of
ureteric differentiation depend on b-catenin (Ctnnb1) ac-
tivity in the ureteric epithelium (Marose et al 2008;
Bridgewater and Rosenblum 2009; Karner et al. 2011). In
addition, chimeric studies show selection against cells ren-
dered nonresponsive to specific Wnt ligand inputs through
mutation of surface Wnt receptors, Frizzled homologs 4
and 8 (Fzd4/Fzd8) (Ye et al. 2011).

2.3 Branching at the Cellular Level

Ret activity regulates the migration and arrangement of
cells within the epithelial UB. New tools for live imaging,
coupled with mouse models highlighting the shape and
outline of individual cells, are assisting in our understand-
ing of this dynamic process (Chi et al. 2009a). The recent

double knockout of the actin depolymerizing factors cofi-
lin1 (Cfl1) and destrin (Dstn) reveal a critical role for the
actin cytoskeleton in morphogenesis of the ureteric tree
(Kuure et al. 2010). Interestingly, Ret activity is also critical
for cells to maintain their position within the branching tip,
and consequently, to maintain a branching capability (Chi
et al. 2009a). Ret mutant cells rapidly sort to nonbranching
stalk regions where they can grow quite normally. The logic
for this competitive interaction is evident, although the
mechanism is unclear. Ret expression in the tip is rein-
forced by a feedback circuit wherein Wnt11, produced at
the tips under Gdnf/Ret control, acts on the cap mesen-
chyme to maintain normal GDNF levels and branching ac-
tivity (Pepicelli et al. 1997). Wnt11 activity is enabled by
Gremlin-mediated restriction of BMP signaling (Michos
et al. 2007). In addition, retinoic acid, produced by intersti-
tial mesenchyme progenitors, contributes to the regulation
of Ret expression within branch tips (Rosselot et al. 2010).
The imaging of chimeric animals in which only a portion of
the ureteric epithelium retains normal Ret function clearly
shows active and ongoing cellular migration and shape
changes within the branching epithelium (Chi et al. 2009b).
Branching continues for days or weeks, depending on the
mammalian species; the continued activity of these same
pathways suggests a continuing regulatory role. However,
the later branching phenotypes observed in mice defec-
tive in Semaphorin-directed signaling (Sema3a/Nrp1 and
Sema4d/Plxnb1) suggest that there are additional regula-
tory inputs modifying the branching process, and compen-
satory mechanisms buffering against branching defects
(Turfo et al. 2008; Perälä et al. 2011).

In summary, several signaling pathways regulate the
branching process. Each of these is predicted to trigger
multiple intracellular pathways, some of which regulate
a branching tip transcriptional program, whereas others
modify cellular properties such as cell shape, movement,
and division. Much remains to be learned about the inter-
play and integration of these pathways. For this, reliable
ex vivo models are needed to visualize, quantify, and ex-
perimentally manipulate branching growth. The growth
of standard kidney explant cultures is horizontally exagger-
ated across the surface of the filter on which these organoids
develop. Hence, explant culture does not recapitulate nor-
mal patterning. Lung branching displays a stereotypical or-
ganization (Metzger et al. 2008), whereas kidney branching
has been assumed to represent a “simple” radial dichoto-
mous branching routine. However, the resulting organ is
not spherical. Indeed, a distinct caudal to rostral bias in
branching is seen from the first branching event (Raatikai-
nen-Ahokas et al. 2000). The development and applica-
tion of 3D culture models and 3D imaging systems that
include real time imaging capability will enable an accurate
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assessment of the “rules” underpinning arborization of the
collecting duct network.

3 THE FATE OF THE MULTIPOTENT
METANEPHRIC MESENCHYME

Surrounding the invading UB, and driving its branching
via the secretion of Gdnf, is the MM. As outlined earlier,
the MM is a complex population of progenitor types that
contribute to the elaboration of distinct components of the
kidney.

3.1 Cap Mesenchyme—The Nephron Progenitor
Population

The cells closest to the ureteric tips condense to form a dis-
crete subdomain of the MM: the committed mesenchyme,
capping mesenchyme, or cap mesenchyme (CM). This re-
gion of densely packed and histologically distinct mesen-
chyme, associates with the tips of the ureteric epithelium,
not the extending trunks. As the kidney grows, this mesen-
chyme and the adjacent branching tips are restricted to the
periphery of the developing kidney, the nephrogenic zone
(Fig. 3). The development of promoter-specific Cre mice

has shown that Six2+Cited1+ CM cells comprise a neph-
ron-committed, multipotent, self-renewing progenitor
population responsible for generating all segments of the
nephron from podocyte to connecting segment (Fig. 1)
(Boyle et al. 2008; Kobayashi et al. 2008). The specification
of this population is likely independent of the nephric duct
as it occurs before UB ingrowth, potentially reflecting the
segregation of Six2+ and Foxd1+ lineages from a postulated
Osr1+ common progenitor. Interestingly, whereas the loss
of Cited1 has no kidney phenotype (Boyle et al. 2007), the
removal of Six2 activity results in the quantitative, prema-
ture mesenchyme-to-epithelial transition (MET) of all CM
to RVon initial ingrowth of the UB; as a result, nephrogen-
esis ceases at an early stage (Self et al. 2006). Thus, Six2 is a
critical regulator of the CM progenitor state. Not all Six2+

cells are equivalent in their ability to propagate and self-
renew. Six2 expression overlaps with Wnt4 expression in
pretubular aggregates, and cell-fate studies indicate that
Wnt4+ cells have exited the nephron progenitor pool and
committed to nephrogenesis (Kobayashi et al. 2008). In
contrast, the Cited1+ component of the Six2 population
is nonoverlapping with Wnt4 and better defines the pro-
genitor compartment (Mugford et al. 2008a). Interestingly,
detailed expression mapping of a number of transcription-
al regulators within the CM indicates additional subdo-
mains within the Cited1+Six2+ nephron progenitor pool,
distinguished by Eya1 and Meox1 (Mugford et al. 2008a).
How these molecularly defined subcompartments relate
to functional characteristics of the progenitor population
has not been determined.

Currently, no culture system exists that can stably prop-
agate nephron progenitors, although FGF and BMP family
members are thought to play an important role. Fgf2
and Bmp7 enable survival of MM explants (Dudley et al.
1999). Consistent with a critical role for FGF signaling
within the MM itself, conditional removal of Fgfr1 and 2
from MM results in a failure of Six2 expression, and agen-
esis of the kidneys (Poladia et al. 2006). Bmp7 displays a
complex expression pattern that includes the CM, and mu-
tants lacking Bmp7 show an early arrest of development
with enhanced cell death amongst CM nephron progeni-
tors (Dudley et al. 1995). A biphasic role for Bmp7 has
been proposed where Bmp7 elicits MAPK-dependent CM
proliferation and regulates cell survival and interstitial
progenitor phenotype via Smad signaling (Oxburgh et al.
2011). Nephrospheres, clonal, long-term self-renewing
cell cultures, have been generated in media containing
bFGF and thrombin. However, epithelial potential is lost
in favor of a broad mesodermal potential (Lusis et al.
2010). Clearly, a better definition of the in vivo niche will
aid in developing a supportive in vitro system. In vivo,
CM receives signals from ureteric and interstitial elements,
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Figure 3. A model of the nephrogenic niche. The key cellular com-
partments within the nephrogenic niche at the periphery of the de-
veloping kidney include the ureteric tip (Utip), cap mesenchyme
(CapM), ureteric trunk (Utrunk), capsule, interstitium, and the
forming nephrons (pretubular aggregates–renal vesicles [PA-RV]).
Each compartment has a characteristic spatial arrangement in the
embryonic kidney. Indicated within each compartment are the cellu-
lar activities occurring. Loss of CapM identity occurs when Smad4 is
selectively removed from CapM (Bmp7Cre) (Oxburgh et al. 2004).
Large arrows indicate the presence of signals between compartments
to control development. Key marker genes for the compartments are
indicated in gray text with small arrows indicating the compartment
being influenced.

M.H. Little and A.P. McMahon

6 Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008300

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


and potentially from the outermost cells of the renal cap-
sule (Fig. 3). Although some cell interactions are mediated
by diffusible signals, others may be contact mediated and
more difficult to replicate in an in vitro setting.

3.2 Stromal and Vascular Progenitors

Molecular and cell-fate tracing studies have identified vas-
cular and interstitial/stromal progenitors as the two other
major cell populations present in the MM adjacent to the
branching ureteric tips (Fig. 1). Much less is known about
each of these elements of the kidney than their CM coun-
terpart. Interstitial progenitors are identified by expression
of the transcriptional repressor Foxd1; a number of other
regulatory factors provide a molecular signature for this
cell type (Humphreys et al. 2010; A Kobayashi and AP Mc-
Mahon, unpubl.). As with the CM, the Foxd1 population
comprises a self-renewing, multipotent, progenitor pool
that is responsible for generating nonepithelial cell fates
in the adult kidney, including pericytes and mesangial
cell types, identified by their close association with nonglo-
merular and glomerular vasculature, respectively, and the
expression of smooth muscle actin (Humphreys et al.
2010). Both populations are thought to play an important
role in maintaining and modifying vasculature integrity
and the accumulation of cells with a pericytelike phenotype
is a hallmark of kidney fibrosis (Humphreys et al. 2010). In
addition to these vascular-associated derivatives of Foxd1
cells, cell-fate analysis indicates that Ren1+ cells of the jux-
taglomerular apparatus, a specialized sensory structure that
monitors and regulates blood pressure through the produc-
tion of Renin, express Foxd1 and may originate from the
same interstitial progenitor pool (A Gomez pers. comm.;
AP McMahon, JJ Guo, and JA McMahon, unpubl.). Finally,
scattered interstitial cells with no clear vascular association,
and no known function, are derived from Foxd1+ cells
(Humphreys et al. 2010). The molecular and cellular proc-
esses that maintain the interstitial progenitor compartment
and regulate commitment to distinct cell fates are unknown,
but the stereotypical arrangement of the UB, CM, and inter-
stitial progenitor pool suggest that local cell interactions
within the nephrogenic niche are likely to be critical.

Experimental analysis of the origins of the vascular
component of the kidney through recombination experi-
ments distinguishing kidney explants from host cells has
led to conflicting conclusions. One set of experiments
shows that vasculature bears the genetic signature of the
early MM explant consistent with vascular progenitors
being an intrinsic component of the MM cocktail at the
outset of kidney development (Hyink et al. 1996; Robert
et al. 1998). Consistent with this view, nontubular Flk1+

(Kdr/Vegfr2) vascular progenitors make up the bulk, if not

all, of the Foxd2; Six22 mesenchymal cell types clustered
about the UB (Mugford et al. 2008a). In contrast, kidney
grafting experiments point to ingrowth of vasculature com-
ponents from the graft site, consistent with extrarenal as-
sembly and ingrowth of the vascular tree (Takeda et al.
2006). The simplest view is that both mechanisms prevail.
In one model, assembly of a complex functional unit like
the glomerulus may require the orchestrated commitment
and assembly of nephron, mesangial, and vascular compo-
nents from local progenitor pools, whereas some of the
larger vessels and medullary vasculature may originate
through an independent ingrowth of blood vessels into
the developing kidney. The absence of genetic tools distin-
guishing nontubular (early) and tubular (late) vascular
components, or cortical and medullary vasculature, has
hindered our understanding of the development of this
critical component of the kidney. Further, although vascu-
lar progenitors are clearly localized within the MM/UB
niche, we do not know whether this represents an active
role of the niche environment or simply the invasion of vas-
cular progenitors within a permissive environment.

4 NEPHRON INDUCTION VIA A
MESENCHYME-TO-EPITHELIAL TRANSITION

4.1 Primary Induction

Early work by Grobstein, Saxen, and their colleagues
showed that the route from CM to nephron required a
permissive signal from the UB to the CM—a primary in-
duction event. This signaling triggered MET within a CM
subpopulation generating the RV. A number of factors
have been linked to this process on the basis of in vitro stud-
ies of RV induction in different species (for review, see
Carroll and McMahon 2003). In the mouse, canonical
Wnt signaling directed by Wnt9b/b-catenin (Ctnnb1)
has emerged as the dominant pathway initiating this proc-
ess. Wnt9b is present within the ureteric epithelium at the
appropriate time and place, is essential for the earliest re-
sponses of RV-forming mesenchyme, and heterologous
cells producing Wnt9b are sufficient to induce RV forma-
tion in isolated MM explants through a Wnt9b, cell con-
tact-dependent process (Carroll et al. 2005). In addition,
Wnt9b is essential for development of other IM-derived
structures: the tubules of the mesonephric kidney and the
Mullerian duct, the anlagen of the female reproductive tract
(Carroll et al. 2005). Together these data indicate that
Wnt9b activity is a key regulatory signal in the inductive
process. Further, they lend support to the model that
Wnt9b acts permissively, the response being determined
by preprogrammed properties intrinsic to the specific IM
derivative receiving the Wnt9b signal.
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Wnt signals act on their target cells to regulate cellular
phenotype through transcriptional and nontranscriptional
processes. At the transcriptional level, a canonical signal-
ing pathway has been identified throughout metazoans in
which the engagement of a Wnt ligand with a cell-surface
Frizzled (Fzd) receptor results in the activation of a signal
transduction pathway leading to elevated levels of cytoplas-
mic b-catenin (Ctnnb1). In the absence of b-catenin, Lef/
Tcf DNA-binding transcriptional factors bind targets and
form repressor complexes silencing transcription. Direct
complex formation between cytoplasmic b-catenin and
Lef/Tcf proteins switches their mode of action to transcrip-
tional activation (for review, see Angers and Moon 2009).
b-catenin is essential for RV induction (Park et al. 2007).
Further, the elevation of cytosolic b-catenin directly within
CM progenitors through genetic means initiates RV induc-
tion in Wnt9b mutants (Park et al. 2007). Thus, there is
strong evidence that a Wnt9b-directed canonical signal is
the key initiating event in murine nephron formation.

The observation that Six2 is required to maintain CM,
whereas Wnt9b commits a subset of this population to a
RV fate, raises a number of interesting questions. Is there
a common mechanistic target of these distinct regulatory
actions? Why does only a subset of the Six2+ CM popula-
tion initiate a RV program at each round of ureteric
branching? How is nephrogenesis brought to an end at
an appropriate time ensuring a normal complement of
nephrons? Post nephrogenesis, what governs subsequent
growth and size of the kidney? Compound mutants lacking
both Six2 and Wnt9b function resemble Wnt9b mutants
(Kobayashi et al. 2008). Consequently, premature ectopic
RV formation in Six2 mutants, like its normal counterpart,
is Wnt9b dependent. This suggests a model in which Six2
acts to block Wnt9b signaling in some, but not all, of the
nephron progenitors. Given that Six2 is a transcriptional
regulator, Six2-mediated inhibition could reflect direct
Six2 action on transcriptional targets. To date, the only
targets identified for Six2 are Gdnf and Six2 itself, an auto-
regulatory feed-forward process that is thought to promote
its own expression (Brodbeck et al. 2004). In addition to
their antagonistic activities, recent transcriptional profil-
ing and genetic interaction studies suggest that a subset of
genes within the CM are positively and cooperatively regu-
lated by Six2 and Wnt9b (Karner et al. 2011). What might
govern the differential actions of these pathways and the re-
gional specificity of the inductive response within the CM is
unclear. One possibility is the differential action of other
regulatory components in concert with Six2 and Wnt9b;
non-Wnt signals linked to RV induction are possible can-
didates. Alternatively, different levels of Wnt9b may have
different regulatory actions. What is evident is that not all
regions of the CM are likely be exposed to the same milieu

of non-CM-derived signals, the levels and composition of
factors are expected to vary, and regional differences may
determine that RVs form in the “armpit” region of the
nearest terminal UB branch (Fig. 3).

4.2 From Committed CM to RV

Following from a primary Wnt9b induction, subsequent
signaling regulates epithelial formation, and activates
downstream patterning genes central to the early steps of
segmenting the nephron. Two key early Wnt9b-response
genes, themselves secreted proteins, are critical for this
process: Wnt4, another Wnt family member, and Fgf8, a
member of the fibroblast growth factor family. Expression
of both genes is detected in pretubular aggregates, closely
adherent clusters of cells beneath the UB tips; each is essen-
tial for propagation of the inductive response and the
formation of epithelial RVs. Their precise regulatory inter-
actions, explored through genetic analysis, put Fgf8 up-
stream of Wnt4 (Grieshammer et al. 2005; Perantoni et
al. 2005). Wnt4 signaling is specifically required for the ac-
tivation of Lhx1, a transcriptional determinant of distal
nephron cell fates (Kobayahi et al. 2005). Interestingly,
this action can be mimicked by genetically elevating
b-catenin levels, arguing for a continuing role for canonical
Wnt signaling downstream from Wnt4 (Park et al. 2007).
However, constitutive canonical pathway activation blocks
MET suggesting a possible noncanonical component to
Wnt4 action, a conclusion supported by recent analysis of
the calcium/NFAT pathway in this process (Burn et al.
2011; Tanigawa et al. 2011). Together these data suggest a
mechanism that may switch the signaling output to a
Wnt4 input at different stages, or in different positions,
of the developing RV. As to the cellular events that lead to
MET, there is no good understanding of this epithelial-
forming process. Several cadherin-family members are ac-
tivated at an early stage, including Cdh4 and Cdh6, but
whereas some nephrons fail to form in Cdh6 mouse mu-
tants, the kidneys are largely normal (Mah et al. 2000).
Clearly, this is a rich area for future analysis, as are other
cellular events dependent on RV induction. For example,
RV induction feeds back in some way to promote further
branching of the UB (Saxen 1987). In the absence of neph-
ron formation, branching terminates prematurely—FGF,
Wnt, and BMP signals are all good candidates for signals
from induced mesenchyme that may promote, directly or
indirectly, ureteric branching.

4.3 Cessation of Nephrogenesis

Between postnatal day (PD) 2 and 4 in the mouse, there is
a final wave of nephrogenesis that appears to mark the
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terminal exhaustion of all remaining CM (Fig. 4) (Hartman
et al. 2007; Brunskill et al. 2011; Rumballe et al. 2011). By
PD 3, all Six2+ cells are lost and with this any capacity
for normal de novo nephrogenesis, even in injured kidneys.
What causes this cessation of nephrogenesis, and the appa-
rent loss of CM self-renewal or an altered balance between
self-renewal and commitment to differentiation, has not
been determined. Two simple possibilities exist (Fig. 4).
The first is an active trigger that ends CM self-renewal.
Although this may be mediated by a change in gene expres-
sion either in the CM or an adjacent portion of the neph-
rogenic niche (Brunskill et al. 2011), it is not clear what
might trigger such a change. A parturition-based signal
(oxygen tension changes) has been proposed in mice based
on gene expression changes within the CM (Brunskill et al.
2011). This would not explain the reported cessation of
nephrogenesis in humans at 36 wk of pregnancy (Hinchliffe
et al. 1991), although contrary reports suggest glomerulo-
genesis persists postnatally in full-term human infants
(Gruenwald and Popper 1940; Faa et al. 2010). Alternatively,
the termination of nephrogenesis may reflect a gradual de-
pletion of the self-renewing fraction within the CM domain
to the point that no true progenitors remain (Brunskill
et al. 2011; Rumballe et al. 2011). Again this may result
from a shift in growth factors within the niche surrounding

the CM, a model evoking a progressive and inevitable pro-
cess rather than a de novo-produced trigger. Given the large
variation in nephron number observed in humans (200,000
to 1.8 million nephrons per kidney) (Hughson et al. 2003),
and the well-established inverse association between neph-
ron number and onset of renal disease in postnatal life
(Brenner and Anderson 1992), an improved understanding
of the limits to nephrogenesis may have important clinical
ramifications.

5 PATTERNING, SEGMENTATION, AND
SPECIALIZATION OF THE EPITHELIAL
NETWORKS

The epithelial RV (also called a Stage I nephron) forms a
lumen and begins to “‘unwind” to form comma-shaped
and S-shaped bodies (Stage II nephrons), ultimately vascu-
larizing at the proximal end into a capillary loop (Stage III)
and finally mature nephron (Stage IV). The neonephron
fuses with the ureteric tip shortly after the MET event as
the first step in a poorly understood process that generates
a continuous luminal interconnection between the two ep-
ithelial networks (Georgas et al. 2009). Interestingly, from
the time that RVs are first observed, gene expression is po-
larized into proximal and distal gene expression domains:
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Figure 4. Cessation of nephrogenesis. Two models can be envisaged to explain cessation of nephrogenesis in the im-
mediate postnatal period. (A) Symmetric division of a homogeneous progenitor population with an active trigger at
birth to induce differentiation, and hence loss, of the progenitor population around birth. (B) A stem/progenitor
subpopulation (red) within the cap mesenchyme that divides asymmetrically to self-renew and form more commit-
ted daughter cell populations (orange). This stem/progenitor population is distributed between the newly arising
tips. This results in a gradual exhaustion of the stem/progenitor until they are lost. (C,D) Coimmunofluroescence
for dividing cells within the forming nephrons (Ccnd1; magenta), basement membrane (collagen IV [ColIV]; green)
and nuclei (DAPI, blue) of kidney sections at E15.5 (C) and postnatal day 2 (P2) (D) illustrating the loss of cap mes-
enchyme and change in spatial relationships during cessation of nephrogenesis. Note: Isolated bright red dots in D
(∗) represent red blood cells in the forming vasculature. Ureteric bud (UB), renal vesicle (RV), comma-shaped body
(CSB), S-shaped body (SSB). Dotted line illustrates the edge of the kidney.
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the latter adjacent to the UB, the former more distant (Na-
kai et al. 2003; Kobayashi et al. 2005; Georgas et al. 2009;
Mugford et al. 2009). Genes such as Lhx1 and Pou3f3 oc-
cupy distal RV domains, whereas Wt1 expression becomes
restricted to proximal regions. The distal expression of
Notch (Dll1, Jag1), Bmp (Bmp2), and Wnt (Wnt4, Lef1,
and Dkk1) pathway genes implies different cellular identity
and activity along the proximal–distal axis (Dressler et al.
2006; Kopan et al. 2007; Georgas et al. 2009; Mugford
et al. 2009). Many of these genes are critical for specifica-
tion of specific nephron segments. Notch signaling, pre-
dominantly Notch2, is critical for the elaboration of
proximal nephron fates (podocytes and proximal tubules)
(Cheng et al. 2007), whereas Lhx1 regulates patterning of
distal tubular structures (Kobayashi et al. 2005). Lhx1 is
upstream of Notch2, which in turn regulates the onset of
expression of another distal RV gene, Cdh6 (Cheng et al.
2007). Notch ligands are expressed within the RV deriva-
tive, and their directional signaling may be promoted by
the complex contortions that the RV undergoes during its
morphogenesis from a RV to an S-shaped body. This peri-
od sees a rapid growth of the RV derivative; localized up-
regulation of cell-cycle targets is an early feature of the

emerging proximal–distal polarity (Georgas et al. 2009),
preceding elongation and folding of the tubular epithe-
lium, and the emergence of de novo domains of gene ex-
pression that presage, and likely establish, the segmental
organization of the adult nephron. For example, Pou3f3
(Brn1) expression is present in the distal and mid-regions
of the S-shaped body where its action is essential for forma-
tion of loops of Henle, the renal tubular component that
is critical for concentrating urine (Nakai et al. 2003). Thus,
there is a marked cellular specialization and tubular elonga-
tion that characterizes the establishment of a functioning
nephron. Interestingly, recent genetic evidence points to a
second role for Wnt9b signals from the ureteric epithelium
regulating the morphogenesis and lengthening of adjacent
proximal tubule regions through convergent extension
processes (Karner et al. 2009).

RV induction leads to a MET, one that does not im-
mediately involve a classical E-cadherin (Cdh1) mechanism
(Georgas et al. 2009). At later stages, the up-regulation of
Wt1 in proximal nephron components of the RV derivative
is associated with the exclusion of Cdh1 expression (Fig. 5).
Surprisingly then, Wt1 had been positively associated with
METas MET is disrupted in Wilms’ tumors, 10%–15% of
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Figure 5. Inverse relationship between Wt1 and E-cadherin (Cdh1) during nephron segmentation. (A) Outline of
the relationship between the level and location of Wt1 protein and the likely role of this protein during kidney devel-
opment. (B) Coimmunofluorescence of E15.5 kidney illustrating the location of Wt1 (red) and E-cadherin (green)
proteins during nephron formation and patterning. Cap mesenchyme (CM); renal vesicle (RV); pretubular aggre-
gate (PA); comma-shaped body (CSB); S-shaped body (SSB). The ureteric epithelium expresses E-cadherin, whereas
the surrounding Wt1+ CM does not. Nephron formation, which involves a mesenchyme-to-epithelial transition, it
not uniform in that E-cadherin is not seen in the Wt1+ proximal segments of the RV, CSB, or SSB. These regions
form the parietal and visceral (podocyte) epithelia of the glomerulus. Mesenchyme-to-epithelial transition
(MET); epithelial to mesenchymal transition (EMT); metanephric mesenchyme (MM); mesonephric mesenchyme
(mesoM); cap mesenchyme (CM); mesenchyme (M).
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which result from inactivating mutations in the Wt1 gene
(Little et al. 1992; Little and Wells 1997). There is also
evidence that Wt1 positively regulates Wnt4 expression,
promoting Wnt4-mediated epithelialization (Sim et al.
2002). However, Wt1 is also reported to support epithe-
lial-to-mesenchymal transition (EMT), via the inhibition
of E-cadherin and activation of Snai1/2 during the forma-
tion of cardiac progenitors from the epicardial field (Fig. 5)
(Martı́nez-Estrada 2010). An alternate explanation would
be a role for Wt1 in maintaining a more plastic interme-
diate state capable of transition between epithelial and
mesenchymal states. Indeed, the highest levels of Wt1 ex-
pression are observed in both developing and postnatal
podocytes, a polarized arborized cell type unlike conven-
tional tubular epithelium. The presence of focal segmental
glomerulosclerosis and mesangial sclerosis in syndromes
with WT1 dominant–negative mutations (Denys-Drash
syndrome, Meacham syndrome) highlights the need for
ongoing Wt1 expression in the postnatal podocyte popula-
tion potentially enabling cytoskeletal plasticity or flexibility
in this cell population.

The proximal RV gives rise to the glomerular epithe-
lium, and the first gene specific to podocyte commitment
in this region is Foxc2, which is expressed from the comma-
shaped body stage (Takemoto et al. 2006). By the S-shaped
body stage, there is a distinct separation of cellular mor-
phology between those cells fated to be podocytes and
those forming parietal epithelial cells of Bowman’s capsule,
coinciding with the expression of Lmx1b, Podxl, Nphs1, and
Nphs2 in the presumptive podocytes (Takemoto et al.
2006). These cells also begin to express high levels of Vegfa,
attracting an angioblast population from the surrounding
interstitium to form glomerular capillaries. An elegant ser-
ies of mutants that varied Vegfa protein production in
podocytes highlights the critical role of Vegfa signaling
in forming the capillary bed (Eremina et al. 2003, 2007).
Glomerular formation is also regulated by Bmp4 in podo-
cytes, and PdgfB/Pdgfrb pathway controls mesangial cell
recruitment (Lindahl et al. 1998; Ueda et al. 2008). The in-
tricate specialization and polarization of podocytes, essen-
tial to the elaboration of slit diaphragms, is multifactorial
and highly complex. However, expression of Wt1 persists
here throughout life, presumably orchestrating this event.
Although few specific Wt1 targets have been defined in
the podocyte, the Wt1+KTS isoform regulates expression
of Scribbled homolog (Scrb), a key protein in cellular polar-
ity (Wells et al. 2010). Continued expression of both Vegfa
and Wt1 are required for maintaining podocyte morphol-
ogy. The conditional removal of Drosha and Dicer1 from
podocytes also suggests an ongoing requirement for miRNA
regulation (Harvey et al. 2008; Ho et al. 2008; Shi et al. 2008;
Zhdanova et al. 2011). The subsequent interaction between

the podocytes and the glomerular endothelium to form a
functional glomerular basement membrane requires the
coordination of large numbers of intracellular cytoskeletal
elements, surface integrins, and extracellular laminins. For
excellent reviews, we refer the reader to Ballerman 2005,
Miner 2005, Quaggin and Kriedberg 2008, and Simons
et al. 2009.

5.1 Patterning and Functionalization
of the Collecting Ducts

The collecting duct network, which develops from the ure-
teric epithelium, also undergoes a distinct morphogenesis
and cell specialization critical to renal function. Although
the formation of the collecting system is frequently re-
garded as continuous dichotomous branching, there is
considerable elongation of the collecting ducts in the latter
part of kidney development. Wnt7b is largely restricted to
medullary collecting ducts. Interestingly, whereas Wnt7b
mutants show a normal cortical program of ureteric growth
and branching, they show a complete failure in elonga-
tion of the medullary collecting duct, and the medullary-
directed elongation of loops-of-Henle in adjacent matur-
ing nephrons (Yu et al. 2009). Via canonical Wnt signaling,
Wnt7b appears to govern orientated cell divisions that are
predicted to favor formation and continued elaboration of
the medullary collecting duct network (Yu et al. 2009).
Medullary morphogenesis coincides with the expression
of medullary collecting duct genes reflecting the distinct
functional maturation of these structures for water reab-
sorption and acid/base balance. This includes the differen-
tiation of Aqp2+ principal cells and vacuolar H+-ATPase+

intercalated cells. Although such markers are initially
coexpressed, the onset of Foxi1 expression in a subset of
collecting duct cells appears to impose an intercalated
cell phenotype onto a presumably bipotential progenitor
(Blomqvist et al. 2004). A number of defects have now
been described in which this is disrupted, including the de-
letion of a Notch signaling antagonist, Mib1 (Joeng et al.
2009), and the absence of Foxi1 itself. Another important
feature of collecting duct maturation is the separation be-
tween Aqp2+ water reabsorbing collecting ducts and the
uroplakin+ water-impermeable epithelium lining the pel-
vis and ureter. Urinary filtrate removal also requires the de-
velopment of appropriate peristalsis, originating from a
pacemaker at the base of the papilla, and ureteric contrac-
tility, requiring the investment of smooth muscle around
the ureter. Sonic hedgehog (Shh) signaling has long been
recognized as playing a critical role in these processes (Yu
et al. 2002). Shh is secreted from the medullary collecting
duct and ureteric stalk and signals to the Ptch1 receptor
in the surrounding interstitium (Yu et al. 2002). Bmp4
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expression in this interstitium induces uroplakin expres-
sion (Brenner-Anantharam et al. 2007) and Bmp4/Shh to-
gether induce the transcription factor Tshz3, a regulator of
smooth muscle investment (Caubit et al. 2008). Tbx18 ap-
pears to be upstream of both Shh and Bmp4 in regulating
ureteral mesenchyme development (Airik et al. 2006). Mu-
tations in Shh pathway components (Smo, Ptch1, Shh, and
the repressor Gli3) generate a wide variety of hypoplastic
and dysplastic phenotypes indicating that pathway ac-
tion is complex (Hu et al. 2006; Cain et al. 2009, Cain
and Rosenblum 2011). As loss of Gli3 results in inappropri-
ate Hedgehog pathway activation in any responsive cell
type, some phenotypes likely reflect neomorphic actions
rather than the normal action of hedgehog signals. Consis-
tent with the important silencing function of Gli3, muta-
tions in GLI3 in patients with Pallister-Hall syndrome
can result in renal agenesis, hypoplasia, or hydronephrosis
(Hall et al. 1980; Pallister et al. 1989).

As highlighted above, tubule length, elongation, and
shape are critical for normal renal function. Altered planes
of cell division are likely to disturb tubular patterning and
hence play a critical role in renal disease, most notably in
the etiology of polycystic kidney disease (PKD). Autosomal
dominant PKD is the most common autosomal dom-
inant disease in the human population and results from a
loss-of-function of PKD1 (European Polycystic Kidney
Disease Consortium 1994). Recessive forms of PKD also
exist, as do a wide number of other cystic diseases of the
kidney and liver, all of which converge on signaling compo-
nents that couple to the primary cilium, a critical sensory
node within the epithelial cell. Consequently, cystic kidney
disease associates with a range of ciliopathies. The genetic
basis of such ciliopathies is an area that has expanded enor-
mously based on the identification of cilia-associated genes
in the worm Caenorhabditis elegans. Convergence of the
Shh and Wnt pathways on primary cilia tends to again
implicate these key pathways in cyst formation. This is an
extensive body of literature, and hence we would refer the
reader to specific reviews of this area (see Guay-Woodford
2003; Harris and Torres 2009; Hurd and Hildebrandt 2011;
Muller et al. 2011).

6 POSTNATAL EVENTS IN FUNCTIONAL
RENAL MATURATION

Although nephrogenesis is over shortly after birth in
the mouse, the newborn kidney remains functionally
primitive with respect to the capacity to concentrate urine,
control acid-base balance, and reabsorb filtered nutrients.
Indeed, a substantial amount of tubular elongation occurs
in the proximal tubules, loops of Henle, and the collecting
ducts after birth in a variety of mammalian species. The

molecular basis of maturation during this period of time
remains very poorly understood and underinvestigated.
However, genetic events linked to some defects have been
identified. For example, the proximal tubule plays an im-
portant role in the reclamation of amino acids through
selective amino acid transporters. A defect in the reabsorp-
tion of imino groups (proline and hydroxyproline) and
glycine is observed in patients with iminoglycinuria. In
the human kidney, these amino acids are reclaimed by spe-
cific solute channels, including SLC36A2, SLC6A20, and
SLC6A18. SLC6A19 transports neutral amino acids (tryp-
tophan and histidine) with mutations causing the recessive
metabolic Hartnup disorder (Kleta et al. 2004; Seow et al.
2004). A form of transient iminoglycinuria exists in some
neonates. Although expressed at low levels in the first
week of life, the SLC36A2 isoform present is an inactive
transporter that does not reach the apical membrane,
explaining the significant shedding of imino acid moieties
at this time. Effective delivery of this and other transporters
(Slc6a20a and Slc6a18) to the apical surface does not occur
until postnatal day 7 in the mouse (Vanslamsbrouck et al.
2010). Amino acid shedding continues for 2–3 wk, poten-
tially owing to the coincident delay in the expression and
cytoplasmic localization of collectrin (Tmem27) and Ace2,
accessory proteins required for murine transporter func-
tion (Vanslamsbrouck et al. 2010).

7 REASSESSING RENAL DISEASE, REPAIR, AND
REGENERATION USING DEVELOPMENTAL
BIOLOGY

Although there is a significant need to fill the gaps in our
knowledge of the final steps in maturation of mammalian
kidney function, there is also a significant disconnect
between our understanding of fetal kidney development
and the normal response of the adult kidney to damage.
No new nephrons arise in the adult kidney. Indeed, the
adult kidney is not a regenerative organ like the liver; no
regrowth follows resection. However, tubular damage, no-
tably in response to acute injury resulting from sepsis, is-
chemia, or nephrotoxic drugs, is repaired. Reexpression
of key developmental genes during renal injury, including
Bmp7, Notch1/2 genes, Noggin (Nog), Shh, and Pax2 (Vila-
neuva et al. 2006; Cohen et al. 2007) has been reported.
However, this does not necessarily indicate a reparative
role and can simply reflect a pathological loss of cellular
identity. A long literature exists proposing that dedifferen-
tiation of the tubular epithelium does occur in renal
disease, as evidenced by the loss of epithelial markers with-
in the cells of damaged tubules. Whether dedifferentiat-
ing cells return to an earlier developmental state has not
been rigorously addressed. Stem or progenitor populations

M.H. Little and A.P. McMahon

12 Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008300

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


within tubules, or elsewhere in the kidney, have been postu-
lated to govern repair processes. Ischemic reperfusion in-
jury performed on CM lineage-tracing mice (Six2GFPCre)
(Kobayashi et al. 2008) suggest that the predominant repair
process is driven by cells within the CM-derived nephron
epithelium, but that reinitiation of Six2 expression does
not accompany the repair process (Humphreys et al.
2008). Although lending support to a within-tubule repair
system, the experiments do not address whether all cells
have repair potential, as opposed to a repair process di-
rected by a rare, tubule progenitor type. However, cell pro-
liferation on damage appears to be a general property of
surviving epithelial cells in the repairing nephron (Voget-
seder et al. 2007; Humphreys et al. 2011). This is in line
with studies that argue that the tubular epithelium itself,
although not inherently proliferative, rests in G1 rather
than G0, placing it in a primed position to progress through
cell division if triggered to do so (Vogetseder et al. 2007).

Not all regions of the kidney may behave alike. Acute in-
jury models in the mouse largely affect proximal tubule re-
gions; chronic models focus on the podocyte. A specific
CD24+CD133+ population of epithelial cells in Bowman’s
capsule appears to differentiate into podocalyxin (Pdxl1)-
positive podocytes that migrate onto the vascular stalk (Ap-
pel et al. 2009; Ronconi et al. 2009) suggesting that these
CM derivatives remain plastic, allowing for the turnover
of podocytes throughout adult life. Determining whether
this represents a limited niche-specific response or whether
these cells have more general repair properties awaits
further study. Valuable lessons may also be learned from
looking laterally at vertebrates that do things differently.
In the zebrafish, as with other teleosts, the adult kidney
generates and regenerates nephrons. Recent work indicates
that regenerative potential resides with a Six2+Lhx1+-

mesenchymal cell type not observed in the mammalian
kidney (Diep et al. 2011).

7.1 The Cellular Origin of Progressive Renal Fibrosis

Another aspect of renal disease that has directly benefited
from the application of genetic tools is the ontogeny
of fibrosis in progressive renal disease. It has long been
held that the accumulation of interstitial fibrosis in re-
sponse to almost all chronic damage signals results from
an epithelial-to-mesenchymal transition of renal tubular
epithelial cells, exacerbated via Tgfb1 secretion and antag-
onized by Bmp7. This was first challenged by Zeisberg et al.
(2008) who used Tie2-Cre;R26R-stop-EYFP mice to show
evidence for an endothelial origin for approximately
30%–50% of the interstitial fibroblasts in mice treated
with a variety of genetic (Alport syndrome) or environmen-
tal (streptozocin-induced diabetes, ureteric obstruction)

damage signals. This was corroborated by Li et al. (2009).
It has also been shown that the initial infiltrating bone mar-
row-derived macrophage population seen in a damaged
kidney can ultimately contribute to the aSMA-positive ex-
panded interstitium of a damaged kidney (Li et al. 2007).
Most recently, Humphreys et al. (2010) have shown that
fibrosis in a ureteral obstruction model genetically maps
to Foxd1-derived, not Six2-derived, cell types. These data,
together with analyses of pericyte markers, suggest an inter-
stitial mesenchyme/pericyte origin for much of the fibrotic
outcome in this injury. Given the strong correlation of fi-
brosis with end-stage kidney disease, understanding how
these events may be prevented is a central goal in translating
basic research to improved clinical outcome.

8 LOOKING TO THE FUTURE

Over the last decade, a general outline of many of the key
mechanisms driving mammalian kidney development
has emerged, although many basic questions remain: line-
age relationships and the differential roles of stem/pro-
genitor compartments in development and injury repair;
determinative versus stoichiometric control of branching
growth; mechanisms that couple epithelial joining of the
newly formed nephron to the collecting duct; determin-
ing the size and shape of the kidney and the number of
nephrons; how nephron polarity and segmentation is con-
trolled; and the mechanisms that coordinate assembly of
distinct cellular compartments, such as vascular and neph-
ron epithelia, into a working kidney.

Large-scale resources such as the GUDMAP initia-
tive (McMahon et al. 2008; Harding et al. 2011; www.
gudmap.org) have generated a wealth of valuable new
data that is impacting the field. An understanding of the
mechanisms controlling nephron polarity, tubular mor-
phogenesis, and regional specialization of cell types in the
nephron has been greatly facilitated by the identification
and characterization of molecular markers to study these
events through systematic gene expression studies (Brun-
skill et al. 2008; Thiagarajan et al. 2011). As an example,
.35 compartment specific genes have been identified in-
tricately subdividing across time and space the process of
renal tubular differentiation (Thiagarajan et al. 2011).
The genes identified through these studies not only serve
as helpful markers to dissect the events at play, but as poten-
tial regulatory players in their own right, and useful loci for
the development of new genetic tools to dissect these in-
triguing biological processes. The continuing integration
of gene expression data into genetic and cellular programs
of kidney development is an important task for the future.

Without the genetic tools developed to date, progress
would have been very different. In vivo genetic analysis
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will continue to play a leading role in these studies. The
generation of finer and finer tools to increase the range,
precision, and timing of genetic modification, and the
generation of new models that closely reflect clinical dis-
ease, is imperative. These approaches will not only enhance
our knowledge base, but will also facilitate the design of
clinical approaches well grounded in a deep and rigorous
understanding of the organ system. Developmental stud-
ies have identified secreted growth factors such as BMP7
(OP1) that show clinical promise. Development-based dis-
covery is likely to play an increasingly important role in
generating clinical opportunities.

Cell culture studies will complement in vivo studies. Cur-
rent planar explant culture systems compromise our under-
standing of important cellular processes such as branching
morphogenesis, segmental convolution, and papillary exten-
sion; a particular challenge given the late onset of medullary
modeling. New culture systems that can greatly extend the
normal developmental life of the kidney in vitro, provide
3D information, and incorporate detailed cellular imaging
are a priority.

Although the generation of induced pluripotent stem
cells (iPSCs) from patients is now routine, the in vitro dif-
ferentiation and maintenance of clinically relevant renal
cell types is not, hampering the ability to develop in vitro
models of human disease. For example, no long-term cul-
ture systems exist that can propagate Six2+ nephron pro-
genitors, or support the normal properties of podocytes
or proximal tubular epithelial cell types, both critical medi-
ators of normal kidney function and targets of the disease
process. The bolder approach of reconstructing a bioengi-
neered kidney, once considered implausible, may be possi-
ble, but not without improved culture systems. A divide
exists between development and renal physiology—what
is really required for a kidney to work. Intersecting develop-
mental biology, experimental nephrology, renal physiology,
and renal medicine will close this gap.

ACKNOWLEDGMENTS

M.H.L. is an NHMRC Principal Research Fellow. Work in
APM’s laboratory is supported by grants from the NIDDK
at the NIH. We thank Kylie Georgas for assistance in the
creation of figures.

REFERENCES

Abrahamson DR, Robert B. 2003. Derivation and differentiation of glo-
merular endothelial cells. Nephrol Dial Transplant 18: vi2–vi7.

Airik R, Bussen M, Singh MK, Petry M, Kispert A. 2006. Tbx18 regulates
the development of the ureteral mesenchyme. J Clin Invest 116: 663–
674.

Angers S, Moon RT. 2009. Proximal events in Wnt signal transduction.
Nat Rev Mol Cell Biol 10: 468–477.

Appel D, Kershaw DB, Smeets B, Yuan G, Fuss A, Frye B, Elger M, Kriz W,
Floege J, Moeller MJ. 2009. Recruitment of podocytes from glomerular
parietal epithelial cells. J Am Soc Nephrol 20: 333–343.

Ballermann BJ. 2005. Glomerular endothelial cell differentiation. Kidney
Int 67: 1668–1671.

Basson MA, Watson-Johnson J, Shakya R, Akbulut S, Hyink D, Costan-
tini FD, Wilson PD, Mason IJ, Licht JD. 2006. Branching morpho-
genesis of the ureteric epithelium during kidney development is
coordinated by the opposing functions of GDNF and Sprouty1. Dev
Biol 299: 466–477.

Bates CM. 2011. Role of fibroblast growth factor receptor signaling in
kidney development. Am J Physiol Renal Physiol 301: F245–F251.

Blomqvist SR, Vidarsson H, Fitzgerald S, Johansson BR, Ollerstam A,
Brown R, Persson AE, Bergström G G, Enerbäck S. 2004. Distal renal
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