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The mammalian kidney develops in three successive steps from the initial pronephros via the mesonephros to
the adult metanephros. Although the nephric lineage is specified during pronephros induction, no single
regulator, including the transcription factor Pax2 or Pax8, has yet been identified to control this initial phase
of kidney development. In this paper, we demonstrate that mouse embryos lacking both Pax2 and Pax8 are
unable to form the pronephros or any later nephric structures. In these double-mutant embryos, the
intermediate mesoderm does not undergo the mesenchymal-epithelial transitions required for nephric duct
formation, fails to initiate the kidney-specific expression of Lim1 and c-Ret, and is lost by apoptosis 1 d after
failed pronephric induction. Conversely, retroviral misexpression of Pax2 was sufficient to induce ectopic
nephric structures in the intermediate mesoderm and genital ridge of chick embryos. Together, these data
identify Pax2 and Pax8 as critical regulators that specify the nephric lineage.
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Kidney development in mammals and birds proceeds in
three successive steps that are all characterized by the
mesenchymal-to-epithelial transformation of intermedi-
ate mesoderm cells. The development of the first kidney,
the transient pronephros, is initiated by signals from the
somite and surface ectoderm that induce cells in the in-
termediate mesoderm to undergo the transition to epi-
thelial cells forming the nephric duct (Obara-Ishihara et
al. 1999; Mauch et al. 2000). The caudal migration of the
nephric duct subsequently induces the adjacent nephro-
genic mesoderm to aggregate and form the tubules of the
mesonephros, the second embryonic kidney. On further
extension, the nephric duct reaches the metanephro-
genic mesenchyme at the level of the developing hind-
limb, where the ureteric bud evaginates from the nephric
duct and invades the surrounding mesenchyme. Both the
ureter and mesenchyme subsequently undergo recipro-
cal inductive interactions to form the nephrons and col-
lecting ducts of the metanephros, the third and adult
kidney. Ultimately, the development of the metaneph-
ros therefore depends on the proper formation of the
nephric duct during pronephros induction (for review,
see Saxén 1987; Vainio and Müller 1997).

Targeted mutagenesis in the mouse has identified a
multitude of genes that are important for normal kidney

development (for review, see Kuure et al. 2000; Davies
and Brändli 2002). The majority of these genes are essen-
tial for proper morphogenesis of the metanephros with
the most severe phenotypes being caused by the inacti-
vation of the transcription factor genes Lim1 (Shawlot
and Behringer 1995), WT1 (Kreidberg et al. 1993), and
Pax2 (Torres et al. 1995; Favor et al. 1996). Lim1 mutant
embryos fail to develop a metanephros and gonads
(Shawlot and Behringer 1995), although a nephric duct is
initially formed, but then degenerates in the posterior
part of the mesonephros (Tsang et al. 2000). The Wilms’
tumor suppressor gene WT1 is also necessary for meta-
nephros and gonad development, as the metanephric
mesenchyme is unresponsive to inductive signals and
undergoes apoptosis in the absence of WT1 function
(Kreidberg et al. 1993). The mesonephros, however, still
develops in WT1-deficient embryos, although its most
caudal tubules fail to form (Sainio et al. 1997). Interest-
ingly, the Pax2 gene is still expressed in the mesoneph-
ros of both Lim1 and WT1 mutant embryos (Donovan et
al. 1999; Tsang et al. 2000), suggesting that Pax2 acts
upstream of these two transcription factors in kidney
development. Pax2 is the first known kidney-specific
gene to be expressed in the pronephros of the mouse
embryo (Bouchard et al. 2000). Despite this early expres-
sion, the mesonephric duct is still formed in Pax2-defi-
cient embryos, but then fails to extend to the metaneph-
rogenic mesenchyme because of its rapid degeneration
(Torres et al. 1995). As a consequence, the metanephros
and genital tracts never develop in Pax2 mutant mice
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(Torres et al. 1995; Favor et al. 1996). Importantly, how-
ever, none of the known gene mutations—including
Pax2—interferes with the earliest phase of kidney devel-
opment, that is, the initial formation of the pro- and
mesonephros.
Pax8, another member of the Pax2/5/8 family, is also

expressed during pro-, meso-, and metanephros develop-
ment (Plachov et al. 1990; Pfeffer et al. 1998). Surpris-
ingly, kidney organogenesis is normal in Pax8 mutant
mice that die postnatally of a defect in thyroid gland
development (Mansouri et al. 1998). By gene replace-
ment in the mouse, we have shown recently that the
proteins of the Pax2/5/8 family can substitute for each
other in development because of their equivalent bio-
chemical function (Bouchard et al. 2000). By analyzing
Pax2,Pax8 double-mutant embryos, we now demon-
strate that these two transcription factors have redun-
dant functions in kidney development. Pax2 and
Pax8 together are required for the formation of the pro-
and mesonephros, as the intermediate mesoderm of
Pax2−/−Pax8−/− embryos was unable to undergo the ini-
tial mesenchymal-epithelial transitions and to express
the early kidney-specific genes c-ret and Lim1. In
complementary experiments, the retroviral misexpres-
sion of Pax2 was sufficient to induce ectopic nephric
structures in the intermediate mesoderm and genital
ridge of chick embryos. Together, these data demon-
strate that Pax2 and Pax8 are both necessary and suffi-
cient for specifying the nephric lineage.

Results

Inactivation of the Pax8 gene

Exon 3 of the Pax8 gene codes for the N-terminal part of
the paired domain that is indispensable for DNA binding

of the Pax2/5/8 transcription factors (Czerny et al. 1993).
Using homologous recombination in embryonic stem
(ES) cells, we therefore inactivated the Pax8 gene by re-
placing exon 3 with an in-frame insertion of a cre recom-
binase gene together with a neomycin (neo) resistance
gene (Fig. 1A). Heterozygous Pax8neo/+ mice were ob-
tained by blastocyst injection of targeted ES cells and
were shown to express Cre activity in all Pax8 expres-
sion domains (Plachov et al. 1990), including the devel-
oping kidney, ear, thyroid gland and midbrain-hind-
brain boundary region (data not shown). Homozygous
Pax8neo/neo mice were born at a Mendelian frequency,
then became severely growth-retarded and died at wean-
ing age of agenesis of the thyroid gland (data not shown).
As the same phenotype was described previously for an-
other Pax8 null mutation (Mansouri et al. 1998), we refer
to the Pax8neo gene in all subsequent experiments as
Pax8− allele.

Cooperation of Pax2 and Pax8 in the development
of the urogenital system

The Pax8 gene is known to be expressed together with
Pax2 during mouse kidney development (Plachov et al.
1990; Dressler et al. 1990). Nevertheless, Pax8 mutant
embryos develop a normal urogenital system (Fig. 2B)
(Mansouri et al. 1998), whereas Pax2 mutant embryos
fail to form a metanephros and genital tracts because of
a defect in caudal elongation of the nephric duct (Torres
et al. 1995; Favor et al. 1996; Bouchard et al. 2000).
Therefore, it is conceivable that Pax2 may compen-
sate for the loss of Pax8 in kidney development of
Pax8−/− embryos. To test this hypothesis, we crossed
Pax8+/− mice with Pax2+/− mice (Bouchard et al. 2000)
to generate an allelic series of Pax2,Pax8 double-
mutant embryos. Analysis of the urogenital system of

Figure 1. Inactivation of the Pax8 locus by insertion of a cre gene. (A) Structure of the wild-type and targeted Pax8 loci. The cre gene
was fused in frame to Pax8 exon 3 followed by a neomycin (neo) resistance gene and an SV40 polyadenylation site (pA). The herpes
simplex virus thymidine kinase (tk) and diphteria toxin A (DT-A) genes were used for counterselection against random integration in
ES cells. The neo expression cassette was flanked by frt sites (red arrowheads) that mediate deletion by the FLP recombinase. Correct
targeting was verified by Southern blot analysis of EcoRI-digested DNA with the indicated probe. The lengths of DNA fragments are
indicated in kilobases. The Pax8 exons are numbered according to Okladnova et al. (1997) with exon 3 coding for the N-terminal part
of the paired domain. The Pax8neo allele codes for a fusion protein consisting of the first 12 amino acids of Pax8 (underlined) linked
to the SV40 nuclear localization signal and the N-terminal Cre protein sequences (boldface type): MPHNSIRSGHGGPKKKRKVSNLL.
E, EcoRI; N, NcoI; Sa, SacI; Ss, SspI. (B) Southern blot analysis of EcoRI-digested tail DNA from wild-type (+/+) and heterozygous (+/−)
Pax8 mutant mice.
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18.5-d embryos demonstrated that the metanephros of
Pax2+/−Pax8+/− embryos was bilaterally reduced to only
∼25% of the size of control littermates (Fig. 2A,C). This
reduction is more severe than in Pax2+/− embryos, which
develop kidneys at ∼60% of the normal size (Porteous et
al. 2000; data not shown). Apart from the hypoplastic
kidney, all other components of the urogenital system
developed normally in compound heterozygous embryos
(Fig. 2C). Histological examination of Pax2+/−Pax8+/−

kidneys revealed a perturbed architecture characterized
by a reduced number and irregular arrangement of neph-
ric tubules and glomeruli (Fig. 2E,F). The uninduced
mesenchyme at the cortex and the mesenchymal stroma
throughout the kidney were increased compared with
control embryos, therefore demonstrating inefficient in-
duction of tubules in compound heterozygous embryos.
The remaining nephrons of Pax2+/−Pax8+/− kidneys
were, however, functional as double-heterozygous ani-
mals survived for more than 18 mo.

A recurrent phenotype of Pax2+/−Pax8+/− females was
vaginal atresia, which is characterized by the presence of
a blind-ending vagina. The penetrance of this pheno-
type was 100% on a mixed C57BL/6x129/Sv genetic
background, whereas it was 43% in C3H/He females
(data not shown). Minor malformations of the open va-
gina were, however, still observed in compound hetero-
zygous C3H/He females. A significant proportion of the
Pax2+/−Pax8+/−males also failed to give rise to any prog-
eny. Ductal obstruction of the genital tracts rather than
a defect in sperm formation is the likely cause of this
phenotype, as Pax2+/−Pax8+/− sperm could be used for in
vitro fertilization of Pax2+/−Pax8+/− oocytes to generate
viable off-spring after transplantation into foster moth-
ers (data not shown). As a consequence of these genital
phenotypes, Pax2,Pax8 double-mutant embryos could be
generated only by crossing compound heterozygous
C3H/He mice.
Pax2+/−Pax8−/− embryos entirely failed to form a meta-

nephros, ureter, and genital tracts, indicating that a
single wild-type Pax2 allele in a Pax8 mutant back-
ground is not sufficient to support the development of an
adult kidney (Fig. 2D). This phenotype is similar to that
of Pax2 mutant embryos (Torres et al. 1995; Bouchard et
al. 2000) and is also caused by degeneration of the neph-
ric duct during mesonephros development (data not
shown). In summary, the analysis of compound
Pax2,Pax8mutant embryos unequivocally demonstrated
that the transcription factors Pax2 and Pax8 coopera-
tively control the development of the urogenital system.

Pax2-independent initiation and maintenance of Pax8
expression during early kidney development

To better understand the cooperation of Pax2 and Pax8
in kidney patterning, we investigated the early expres-
sion pattern of the two Pax genes during pro- and meso-
nephros development by whole-mount in situ hybridiza-
tion. Pax2 expression was initiated at the 8–9-somite
stage in the intermediate mesoderm corresponding to
the pronephric anlage (Fig. 3A). The expression of Pax8
was detected even earlier at the 6–7-somite stage in the
same region of the intermediate mesoderm (Fig. 3B).
Therefore, these data identify Pax8 as the earliest known
marker of mouse pronephros development in analogy to
our previous finding that Pax8 is the earliest gene to be
expressed in the developing kidney of zebrafish embryos
(Pfeffer et al. 1998). Moreover, the Pax2 and Pax8 genes
were coexpressed in the pronephric anlage, as shown by
double staining of 10-somite embryos (Fig. 3C). At the
same stage, the Pax2/8-positive cells in the intermediate
mesoderm did not yet express the epithelial marker lam-
inin, indicating that these cells have not yet undergone
the mesenchymal-epithelial transition leading to the for-
mation of the pronephros (Fig. 3D).

Pax2 is known to cross-regulate the Pax8 gene during
midbrain-hindbrain boundary development (Ye et al.

Figure 2. Development of the urogenital
system in Pax2,Pax8mutant embryos. (A–
D) The urogenital system of male E18.5
embryos of the indicated genotypes was
dissected and photographed. The hypo-
plastic kidneys of Pax2+/−Pax8+/− embryos
(C) were approximately fourfold smaller
than control kidneys (A,B). Pax2+/−Pax8−/−

embryos (D) failed to develop a kidney,
ureter, and genital tract (vas deferens),
whereas the adrenal gland, testis, and blad-
der formed normally. (E,F) Kidney sections
stained with hematoxylin and eosin. The
nephric tubules and glomeruli were re-
duced in number and the stromal compo-
nent was increased in the hypoplastic
Pax2+/−Pax8+/− kidney (F) compared with
the control embryo (E) at E18.5. a, adrenal
gland; b, bladder; g, glomerulus; k, kidney;
s, S-shaped body; st, stroma; t, testis; tu,
tubule; u, ureter; ut, ureteric tip; v, vas def-
erens.
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2001; Fig. 3E). In contrast, the initiation of Pax8 expres-
sion in the pronephric anlage occurred independently of
Pax2, as shown by in situ hybridization analysis of
Pax2−/− embryos (Fig. 3E). The absence of Pax2 did also
not affect the maintenance of Pax8 expression during
mesonephros formation (Fig. 3F). Conversely, the kid-
ney-specific expression of Pax2 must be independent of
Pax8, as kidney morphogenesis is entirely normal in
Pax8−/− mice (Fig. 2B) in contrast with Pax2−/− mice
(Torres et al. 1995; Favor et al. 1996). We conclude, there-
fore, that the Pax2 and Pax8 genes are regulated inde-
pendently of each other during early kidney develop-
ment.

Absence of pro- and mesonephros development
in Pax2−/−Pax8−/− embryos

The formation of a normal mesonephros in Pax2−/− em-
bryos (Torres et al. 1995) suggests that the early and
Pax2-independent expression of Pax8 may compensate
for the loss of Pax2 at the onset of kidney development.
To test this hypothesis, we analyzed the formation of the
pro- and mesonephros in Pax2−/−Pax8−/− embryos. As the
mutant Pax2− allele contained an in-frame lacZ gene in-
sertion in the Pax2 locus (Bouchard et al. 2000), we used
the expression of �-galactosidase as a kidney-specific
marker to visualized the pro- and mesonephros. At the
15-somite stage, the �-galactosidase expression domain
extended from the ninth somite to just beyond the last

forming somite in the intermediate mesoderm of Pax2+/−

or Pax2−/−embryos (Fig. 4A,B). This domain corresponds
to the pronephros and newly forming mesonephros with
its caudally extending nephric duct (Fig. 4A,B). Strong
�-galactosidase expression in this region was still ob-
served in the presence of a single wild-type Pax8 allele in
Pax2−/−Pax8+/− embryos (Fig. 4C). In contrast, only weak
�-galactosidase activity could be detected in the inter-
mediate mesoderm of Pax2−/−Pax8−/− embryos, indicat-
ing that the pro- and mesonephros failed to properly form
in the absence of any Pax2/8 protein.

The onset of pronephros formation is characterized by
the mesenchymal-epithelial transition of specific meso-
dermal cells, which leads to the formation of the nephric
duct (Saxén 1987). We therefore investigated the devel-
opmental defect in Pax2−/−Pax8−/− embryos by analyzing
the expression of the epithelial marker laminin in the
intermediate mesoderm. Although laminin expression
was not yet observed at 10 somites (Fig. 3D), a stripe of
laminin-positive cells could be detected at 12 somites in
the intermediate mesoderm of “control” Pax2−/− em-
bryos (Fig. 5A). Later, at the 20-somite stage, laminin
expression was detected in a ring consisting of the base-
ment membranes of the nephric duct in all embryos that
carried at least one functional Pax2/8 allele (Fig. 5C–E).
In marked contrast, laminin expression was detected
neither at the 12- nor 20-somite stage in the intermedi-
ate mesoderm of Pax2−/−Pax8−/− embryos (Fig. 5B,F).
Moreover, E-cadherin, a second epithelial marker, was

Figure 3. Pax2-independent expression of Pax8 at the
onset of kidney development. (A,B) Initiation of Pax
gene expression in the pronephric anlage of Pax2+/− em-
bryos. As shown by whole-mount in situ hybridization,
Pax8 expression (B) was first detected at the 7-somite
stage in the intermediate mesoderm at the level of the
fifth and sixth somites corresponding to the pronephric
anlage. At the 9-somite stage, the Pax2 gene (A) was
also expressed in the pronephric anlage, where its ex-
pression was first observed at 8 somites (data not
shown). (C) Coexpression of Pax2 and Pax8 in the pro-
nephric anlage. Pax2 protein (brown) and Pax8 tran-
scripts (blue) were simultaneously detected on a trans-
verse section of a 10-somite Pax2+/− embryo by immu-
nostaining and in situ hybridization, respectively. (D)
Absence of epithelial cells in the pronephric anlage at
10 somites. An adjacent section of the same embryo
shown in (C) was stained with an anti-laminin antibody
(brown) in combination with Pax8 in situ hybridization
(blue). (E,F) Pax2-independent initiation and mainte-
nance of Pax8 expression during kidney development.
Pax8 transcripts were detected by whole-mount in situ
hybridization of Pax2+/− and Pax2−/− embryos at 9 (E)
and 19 (F) somites. ba, branchial arch; mhb, midbrain-
hindbrain boundary; ms, mesonephros; nt, neural tube;
op, otic placode; ov, otic vesicle; pa, pronephric anlage;
som, somite.

Initiation of kidney development by Pax2 and Pax8

GENES & DEVELOPMENT 2961

 Cold Spring Harbor Laboratory Press on May 5, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


expressed near the luminal surface of the nephric duct in
Pax2+/− and Pax2−/− embryos at 20 somites (Fig. 5C,D).
Although E-cadherin expression was already reduced by
lowering the Pax protein dose in Pax2+/−Pax8−/− embryos
(Fig. 5E), it was never detected in the intermediate me-
soderm of Pax2−/−Pax8−/− embryos (Fig. 5F). We conclude
therefore that Pax2 and Pax8 together control the onset
of pronephros development by regulating the mesenchy-
mal-epithelial transition of intermediate mesoderm
cells.

Absence of nephric gene expression
in Pax2−/−Pax8−/− embryos

We next examined the expression of early kidney-spe-
cific genes in Pax2,Pax8 double-mutant embryos. The
c-ret gene is one of the first genes to be specifically ex-
pressed in the nephric duct of the pro- and mesonephros
(Pachnis et al. 1993). At 12 somites, high c-ret expression
was detected at the caudal end of the pronephros adja-
cent to the last forming somite in wild-type embryos
(Fig. 6A). In contrast, the Pax2−/−Pax8−/− embryos en-
tirely failed to express the c-ret gene in the intermediate
mesoderm at this early stage (Fig. 6B) as well as at 20
somites (data not shown). The Lim1 gene is initially
transcribed throughout the lateral mesoderm (Barnes et
al. 1994; Fujii et al. 1994; Tsang et al. 2000), as shown by
its expression in the lateral plate mesoderm, intermedi-
ate mesoderm, and genital ridge at the 12-somite stage
(Fig. 6C). At this early time point, Lim1 is coexpressed
with Pax2 or �-galactosidase in the pronephric anlage of
control or Pax2−/−Pax8−/− embryos, respectively (Fig.
6C,D). Thereafter, the broad Lim1 expression becomes
restricted to the mesonephric duct at 20 somites (Fig. 6E)

and is subsequently also observed in the condensing
mesenchyme and nephric tubules (Barnes et al. 1994;
Fujii et al. 1994; Tsang et al. 2000). At 20 somites, Lim1
expression could, however, not be detected in the inter-
mediate mesoderm of Pax2−/−Pax8−/− embryos (Fig. 6F).
In contrast, �-galactosidase-positive cells were readily
identified in double-mutant embryos both at 12 and 20
somites (Fig. 6D,H). Therefore, the lack of c-ret and
Lim1 expression at these early stages was not caused
by a selective loss of intermediate mesoderm cells,
but rather indicates a complete failure of pro- and meso-
nephros formation in the combined absence of Pax2
and Pax8.

At 20 somites, the nephrogenic mesenchyme has just
started to condense to form the tubules of the mesoneph-
ros in a process that is initiated by signals from the neph-
ric duct (Saxén 1987). We have visualized this process by
double staining of control Pax2+/− embryos for �-galac-
tosidase (Pax2) and WT1 expression, as the WT1 gene is
expressed in the intermediate mesoderm and genital
ridge (Fig. 6I) and Pax2 (�-Gal) in the nephric duct and
condensing mesenchyme (Fig. 6I). Three distinct cell
populations could be visualized in control Pax2+/− em-
bryos by this procedure: the WT1−�-Gal+ nephric duct
(red), the WT1+�-Gal+ condensing mesenchyme (yellow),
and the WT1+�-Gal− genital ridge and intermediate
mesoderm (green; Fig. 6I). Although WT1−�-Gal+ (red)
and WT1+�-Gal+ (yellow) cells were also present in
Pax2−/−Pax8−/− embryos, they were intermingled with-
out any apparent patterning (Fig. 6K), indicating that
these cells neither formed a nephric duct nor condensing
mesenchyme in the absence of Pax2 and Pax8. Therefore,
the lack of kidney-specific gene expression and nephric
structures in Pax2−/−Pax8−/− embryos points to an essen-

Figure 4. Early defects of pro- and mesonephros
development in Pax2−/−Pax8−/− embryos. (A–D)
The expression of �-galactosidase from the mutant
Pax2− allele (Bouchard et al. 2000) was used as a
kidney-specific marker to visualize pro- and meso-
nephros development in Pax2,Pax8 mutant em-
bryos of the indicated genotypes. Embryos of the
same litter, which developed to the 14- (C,D) or 15-
(A,B) somite stage, were stained with X-gal for the
same period of time (15 h). Pax2+/− (A) and Pax2−/−

(B) embryos expressed �-galactosidase activity in
the pronephros (pn) and mesonephros (ms) extend-
ing from somite 9 to just beyond the last somite,
15. The �-galactosidase expression in Pax2−/

−Pax8+/− embryos (C) was restricted to a region be-
tween somites 9 and 13. The absence of any func-
tional Pax2/8 allele led to the down-regulation of
�-galactosidase expression (arrowheads) in Pax2−/

−Pax8−/− embryos (D). It is important to note that
the presence of a single Pax2− (lacZ) allele resulted
in a disproportionately lower X-gal staining signal
in Pax2+/− embryos (A) compared with Pax2−/− em-
bryos (B,C), which expressed the lacZ gene only at
a twofold higher level because of the presence of two lacZ alleles. This nonlinearity of the �-galactosidase assay is also the reason why
the reduced lacZ expression in Pax2−/−Pax8−/− embryos (D) generated a low X-gal staining signal, although it could be readily detected
by the more sensitive, but nonquantitative antibody staining method (Fig. 6H).
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tial role of Pax2 and Pax8 in committing mesodermal
cells to the kidney fate.

Late apoptosis of mesodermal cells in the absence
of nephric induction

Several studies have implicated Pax2 in the control of
cell survival during metanephros development
(Bouchard et al. 2000; Ostrom et al. 2000; Porteous et al.
2000; Torban et al. 2000). We therefore assessed by com-
bined TUNEL and Pax2 (�-Gal) staining whether in-

creased apoptosis may also contribute to the early kid-
ney developmental defects in Pax2−/−Pax8−/− embryos.
No apoptotic cells could be detected, however, within or
near the Pax2 (�-Gal) expression domain in the interme-
diate mesoderm of control and Pax2−/−Pax8−/− embryos
at the 12-somite stage (Fig. 7A,B), when the pronephros
just starts to form in wild-type embryos (Fig. 5A). At 20
somites, a slight increase in apoptotic cells was observed
in Pax2−/−Pax8−/− embryos (Fig. 7C,D), whereas apopto-
sis was massively induced in these embryos at 25
somites (Fig. 7E,F). In the absence of Pax2 and Pax8, al-

Figure 5. Absence of mesenchymal-epithelial transitions in the intermediate mesoderm of Pax2−/−Pax8−/− embryos. The expression
of the epithelial markers laminin (red) and E-cadherin (green) was analyzed in embryos of the indicated genotypes at 12 (A,B) or 20 (C–F)
somites by immunostaining of transverse sections. At 12 somites, epithelial cells were bilaterally present in the pronephric region of
Pax2−/−Pax8+/+ embryos (arrows in A) in contrast with Pax2−/−Pax8−/− embryos (B). At the 20-somite stage, a distinct ring of laminin
expression demarcates the nephric duct of all mutant embryos (arrows in C–E) except in Pax2−/−Pax8−/− embryos (F). E-cadherin
expression was reduced in the nephric duct of Pax2+/−Pax8−/− embryos (E; additional data not shown) and absent in Pax2−/−Pax8−/−

embryos (F).
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most all �-galactosidase-positive cells were undergoing
apoptosis (Fig. 7F) in striking contrast with control em-

bryos, where apoptotic cells could hardly be detected in
the mesonephros and surrounding mesoderm at 25
somites (Fig. 7E). Interestingly, ∼20% of the apoptotic
signals in Pax2−/−Pax8−/− embryos were observed outside
of the �-galactosidase expression domain (Fig. 7D,F),
thereby raising the possibility that Pax2 and Pax8 may
control the survival of adjacent mesodermal cells by a
non-cell-autonomous mechanism. Importantly, how-
ever, the cells of the intermediate mesoderm continued
to proliferate normally during early kidney development
even in the absence of Pax2 and Pax8 (data not shown).
Together, these data indicate that a relatively long time
period (∼24 h) elapses from the onset of Pax2/8 expres-
sion (at 6–8 somites) to the activation of fulminant apop-
tosis (at 25 somites) in Pax2−/−Pax8−/− embryos. This late
induction of apoptosis therefore points to a more indirect
role of Pax2 and Pax8 in controlling the survival of in-
termediate mesoderm cells. Importantly, the loss of in-
termediate mesoderm cells did not affect normal devel-
opment of the gonads and limbs in Pax2−/−Pax8−/− em-
bryos (data not shown).

Ectopic kidney formation by Pax2 misexpression

So far we have shown by loss-of-function analysis in
mouse embryos that Pax2 and Pax8 are necessary for pro-
and mesonephros development. We next performed gain-
of-function experiments in chick embryos to investigate
whether Pax2 expression is also sufficient to promote
early kidney development. To this end, a replication-
competent retrovirus expressing the mouse Pax2b pro-
tein (RCAS-mPax2) was unilaterally injected at HH
stages 4–6 into the mid-streak tissue of chick embryos,
which subsequently gave rise, among other tissues, to
the intermediate mesoderm. Two days after injection,
the nephric structures were visualized by analyzing the
kidney-specific expression of c-ret, Lim1, laminin, and
Pax2 (Fig. 8). The formation of an ectopic nephric duct
with its associated condensing mesenchyme was ob-
served in 19% (n = 13) of 70 embryos that survived the
injection of the RCAS-mPax2 virus (Fig. 8). The ectopic
nephric duct developed in a mirror image-like fashion in
the region of the genital ridge (Fig. 8) or intermediate
mesoderm (data not shown) and extended on average for
a length of 50–150 µm, as shown by serial sectioning.
Importantly, we could never detect any ectopic nephric
structures in embryos (n = 32) that were injected with
the control virus RCAS-AP (Fekete and Cepko 1993; data
not shown). We therefore conclude that the Pax2/8 pro-
teins are not only necessary, but also sufficient for com-
mitting mesodermal cells to the nephric lineage.

Discussion

Although a large number of genes have been identified as
regulators of kidney organogenesis, targeted mutagenesis
has failed to demonstrate an essential role for any of
these genes in controlling the earliest steps of kidney
development, that is, the formation of the pro- and me-

Figure 6. Absence of Lim1 and c-Ret expression in the inter-
mediate mesoderm of Pax2−/−Pax8−/− embryos. (A–D) c-Ret
and Lim1 expression at the 12-somite stage. c-Ret transcripts
were detected by whole-mount in situ hybridization in the
pronephros of wild-type control embryos (A) in contrast to
Pax2−/−Pax8−/− embryos (B) that, however, still expressed c-ret
in the tail region (indicated by asterisk). Antibody staining of
transverse sections was used to reveal the expression of Lim1
and Pax2 or �-galactosidase (�-Gal) in control Pax8+/− (C) and
Pax2−/−Pax8−/− (D) embryos, respectively. (E–K) Lim1 and WT1
expression at the 20-somite stage. Adjacent transverse sections
of control Pax2+/−and Pax2−/−Pax8−/− embryos were analyzed by
immunostaining for Lim1 (E,F), �-Gal (G–K) and WT1 (I,K) pro-
tein expression. cm, condensing mesenchyme; gr, genital ridge;
lpm, lateral plate mesoderm; nd, nephric duct; pn, pronephros.
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sonephros (Davies and Brändli 2002). Most notably, mu-
tation of the Pax2 gene interfered with metanephros de-
velopment (Torres et al. 1995; Favor et al. 1996), whereas
kidney morphogenesis was entirely normal in Pax8-de-
ficient mice (Mansouri et al. 1998). Here we demonstrate
that Pax2 and Pax8 have redundant functions in kidney
organogenesis in agreement with the fact that members
of the Pax2/5/8 family can substitute for each other in
mouse development because of their equivalent tran-
scriptional activity (Bouchard et al. 2000). Pax2 and Pax8
are not only coexpressed at the onset of kidney develop-
ment, but together are also required for the formation of
the pro- and mesonephros. In the absence of both tran-
scription factors, the intermediate mesoderm was unable
to undergo the mesenchymal-epithelial transition neces-
sary for nephric duct formation and failed to express
early markers of nephric identity such as c-Ret and
Lim1. Conversely, misexpression of Pax2 was sufficient
to induce ectopic nephric structures in the intermediate
mesoderm and genital ridge. Therefore, both gain- and
loss-of-function analyses identified Pax2 and Pax8 as
critical regulators of nephric lineage specification.

The first morphological sign of pronephros develop-

ment is the conversion of mesenchymal cells in the in-
termediate mesoderm to epithelial cells developing into
the pronephric duct (Saxén 1987). This initial step of
kidney development completely failed in Pax2,Pax8
double-mutant embryos, thereby preventing the forma-
tion of the nephric duct and its associated tubules. Pax2
also has an important role in controlling mesenchymal-
epithelial transitions during adult kidney morphogen-
esis, as the inhibition of Pax2 expression by antisense
oligonucleotides prevented the condensation and epithe-
lial conversion of mesenchymal cells in mouse kidney
organ cultures (Rothenpieler and Dressler 1993). Like-
wise, the epithelial differentiation of the pronephric duct
was abnormal in Pax2.1-deficient (noi) zebrafish em-
bryos (Majumdar et al. 2000). Therefore, the Pax2/8 pro-
teins appear to control the gene expression program re-
sponsible for mesenchymal-epithelial conversion not
only at the onset but also throughout kidney develop-
ment.

A striking, but late aspect of the Pax2,Pax8 double-
mutant phenotype was the fulminant apoptosis of the
intermediate mesoderm in 25-somite embryos (E9.5). In
agreement with this, Pax2 has been implicated previ-

Figure 7. Late apoptosis of intermediate
mesoderm cells in Pax2−/−Pax8−/− em-
bryos. Cells undergoing apoptosis (green
dots) were detected on transverse sections
of control or Pax2−/−Pax8−/− embryos by
TUNEL assay in combination with immu-
nohistochemical analysis of Pax2 (red;
A,C,E) or �-galactosidase (red; B,D,F) ex-
pression. Apoptotic cells within or adja-
cent to the �-Gal (Pax2) expression do-
main were absent in Pax2−/−Pax8−/− em-
bryos at 12 somites (B), slightly increased
at 20 somites (D) and abundant at 25
somites (F) compared with the control
Pax2+/−(C) and Pax8+/− (A,E) embryos. An
arrow in F points to apoptotic cells sur-
rounding the �-Gal expression domain. nd,
nephric duct; tu, tubules.
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ously in the survival control of nephric cells, as its two-
fold reduced expression in Pax2+/− embryos led to a mod-

erate increase in apoptosis during metanephros develop-
ment (Bouchard et al. 2000; Ostrom et al. 2000; Porteous
et al. 2000). In contrast, the complete absence of Pax2
and Pax8 resulted in the death of all �-galactosidase-posi-
tive cells in the intermediate mesoderm, although this
process was delayed by ∼24 h compared with the initia-
tion of Pax2 (�-Gal) and Pax8 expression in the proneph-
ric anlage at 6–8 somites. Interestingly, the region un-
dergoing cell death extended beyond the domain of Pax2
(�-Gal) expression, indicating that the Pax2/8 proteins
control the survival of the adjacent mesoderm in an non-
cell-autonomous manner. Candidates for such a non-
cell-autonomous signal could be secreted molecules of
the EGF, FGF, or BMP families, which are known to
maintain the survival of the nephrogenic mesenchyme
(Coles et al. 1993; Perantoni et al. 1995; Godin et al.
1998; Dudley et al. 1999).

As each Pax protein fulfills multiple roles in develop-
ment, it is able to initiate an organ-specific gene expres-
sion program only in cooperation with local transcrip-
tion factors (Bouchard et al. 2003). Misexpression of Pax5
throughout the entire hematopoietic system was able to
bias lineage commitment toward the B cell pathway only
within the lymphoid progenitor cell compartment
(Souabni et al. 2002). Similarly, the kidney-inducing po-
tential of Pax2 was temporally and spatially restricted, as
the Pax2 retrovirus had to be delivered to the lateral
mesoderm before somitogenesis and could then induce
ectopic kidneys only in a competence region correspond-
ing to the intermediate mesoderm and genital ridge (data
not shown). Homeodomain transcription factors of the
Lim protein family are likely cofactors that cooperate
with the Pax2/8 proteins in the specification of the neph-
ric lineage. During early somitogenesis, the Lim1 gene is
expressed throughout the lateral mesoderm including
the genital ridge and intermediate mesoderm (Barnes et
al. 1994; Fujii et al. 1994; Tsang et al. 2000) and is ini-
tially expressed in the pronephric anlage independently
of Pax2 and Pax8. Thereafter, the widespread Lim1 ex-
pression is rapidly restricted to the nephrogenic cord
(Barnes et al. 1994; Fujii et al. 1994; Tsang et al. 2000),
where it overlaps with and becomes dependent on Pax2
and Pax8. Importantly, enforced expression of Lim1 or
Pax8 alone was able to induce ectopic pronephric struc-
tures only at a low frequency in Xenopus embryos (Car-
roll and Vize 1999). In contrast, ectopic expression of
Lim1 together with Pax8 synergistically activated pro-
nephros development in frog embryos (Carroll and Vize
1999). This finding, together with our data, suggests that
Lim1 acts as a competence factor to determine the neph-
ric field, within which the local induction of Pax2 and
Pax8 specifies the kidney fate.

To date, little is known about Pax2/8 target genes that
mediate the function of these two transcription factors
during early kidney development. One of them codes for
the secreted molecule GDNF (Brophy et al. 2001), which
is essential for normal morphogenesis of the adult kid-
ney (Moore et al. 1996; Pichel et al. 1996; Sánchez et al.
1996). Interestingly, the expression of c-Ret, the signal-
ing receptor for GDNF, was never initiated in the inter-

Figure 8. Ectopic kidney formation on Pax2 misexpression in
the intermediate mesoderm. A chicken retrovirus expressing
the mouse Pax2 protein (RCAS–mPax2) was injected into the
mid-streak tissue adjacent to Hensen’s node on one side of chick
embryos at HH stage 4–6. (A–C) Ectopic kidney formation in a
representative embryo at 48 h after injection (HH stage 17–18).
Adjacent sections were stained by in situ hybridization for c-ret
mRNA expression (blue; A–C) and by immunohistochemistry
(brown) for Lim1 (A), laminin (B) or Pax2 (C) protein expression.
(D) Lim1 staining of an embryo that progressed further in kid-
ney development. Asterisks denote ectopic nephric ducts and
tubules that formed in the region of the genital ridge on the
injected side (left). cm, condensing mesenchyme; nd, nephric
duct; tu, tubules.

Bouchard et al.

2966 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on May 5, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


mediate mesoderm of Pax2−/−Pax8−/− embryos, suggest-
ing that the GDNF–Ret pathway is regulated at multiple
levels by the Pax2/8 proteins. GDNF signaling proved to
be sufficient for guiding the caudal migration of the pro-
nephric duct in Axolotl embryos (Drawbridge et al.
2000), consistent with the early expression of c-ret dur-
ing kidney development (Pachnis et al. 1993). In con-
trast, targeted mutagenesis in the mouse embryo has
identified only a later role of the GDNF-Ret signaling
pathway in controlling the outgrowth and branching of
the ureter during metanephros development (Schuchardt
et al. 1994; Moore et al. 1996; Pichel et al. 1996; Sánchez
et al. 1996).

The role of Pax2 and Pax8 in nephric lineage specifi-
cation appears to be conserved in vertebrate evolution, as
these two genes are expressed as the earliest kidney-spe-
cific markers in the intermediate mesoderm during
mouse, frog, and zebrafish development (Fig. 3; Pfeffer et
al. 1998; Heller and Brändli 1999). Moreover, the mutu-
ally independent initiation of Pax2 and Pax8 expression
in the pronephric anlage has also been conserved be-
tween mouse and zebrafish (Fig. 3; Pfeffer et al. 1998),
indicating that the two genes respond to the same signals
from the surrounding tissue. Using microsurgical ma-
nipulation of the chick embryo, Obara-Ishihara et al.
(1999) identified the surface ectoderm as the source of a
BMP4 signal that activates Pax2 expression and proneph-
ros development in the underlying intermediate meso-
derm. The study of Mauch et al. (2000) demonstrated
that yet unidentified signals from the paraxial mesoderm
are both necessary and sufficient for Pax2 activation and
pronephros induction. Based on these data, it is conceiv-
able that signals emanating from perpendicular sources
(ectoderm vs. somite) may induce at their intersection
the expression of Pax2 and Pax8 in a discrete group of
mesodermal cells. As the specification of the nephric
lineage is a direct consequence of the initiation of Pax2/8
expression (as shown by this study), it will be important
to gain molecular insight into the regulation of these two
genes by identifying their essential kidney-specific en-
hancers and upstream regulatory factors, using trans-
genic approaches (Pfeffer et al. 2002).

The functional analyses of other Pax genes have re-
vealed a fundamental role for this class of transcription
factors in cell lineage specification during organ devel-
opment (for review, see Bouchard et al. 2003). For in-
stance, Pax5 is essential for the formation of B-lympho-
cytes within the hematopoietic system (Nutt et al.
1999), Pax8 for follicular cells in the thyroid gland (Man-
souri et al. 1998), Pax4 for insulin-producing �-cells, and
somatostatin-expressing �-cells in the endocrine pan-
creas (Sosa-Pineda et al. 1997), Pax6 for the glucagon-
synthesizing �-cells (St-Onge et al. 1997; Sander et al.
1997), and Pax7 for myogenic progenitor (satellite) cells
in adult skeletal muscle (Seale et al. 2000). The specifi-
cation of the nephric lineage by Pax2 and Pax8 is there-
fore consistent with the more general role of Pax pro-
teins in cell fate determination during organogenesis. It
will be interesting to see whether Pax2 and Pax8 restrict
the fate of the mesodermal progenitor cells to the neph-

ric lineage by simultaneously activating the expression
of kidney-specific genes and repressing the transcrip-
tional program of alternative cell lineages similar to the
role of Pax5 in B cell commitment (Nutt et al. 1999).

Materials and methods

Generation of Pax8 mutant mice

The Pax8 targeting vector was assembled in a pSP64 plasmid
containing a polylinker with appropriate restriction sites. A 1.6-
kb SspI–NcoI fragment (partially digested with NcoI; intron 2)
and a 3.8-kb SacI–XbaI fragment (exon 4–7) were cloned as 5�

and 3� homology regions from a mouse Pax8 cosmid into the
modified pSP64 vector. The cre gene was inserted as a 1.1-kb
EarI–MluI fragment from pMC–Cre by the use of an adaptor
sequence restoring the Pax8 reading frame at the NcoI site in
exon 3. A 1.9-kb SacI–SalI DNA fragment containing the PGK–
neo expression cassette (flanked by frt sites) from pM30 (Meyers
et al. 1998) was cloned downstream of the cre gene, whereas the
HSV-tk and DT-A genes (negative selection) were inserted up-
stream of the 5� homology region. NotI-linearized DNA (15 µg)
was electroporated into E14.1 ES cells (1 × 107) followed by se-
lection with 250 µg/mL G418 and 2 µM gancyclovir. Individual
clones were screened for homologous recombination by nested
PCR, and positive clones were verified by Southern blot analysis
of EcoRI-digested DNA with an external 1.4-kb EcoRI–SspI
probe (intron 2). Three correctly targeted ES cell clones were
injected into C57BL/6 blastocysts, and chimeric males were
mated with C57BL/6 females to obtain Pax8neo/+ offspring. The
different Pax8 alleles were genotyped by PCR with the follow-
ing primers: 5�-TCTCCACTCCAACATGTCTGC-3� (Pax8 in-
tron 2), 5�-CCCTCCTAGTTGATTCAGCCC-3� (Pax8 exon 3),
and 5�-AGCTGGCCCAAATGTTGCTGG-3� (cre gene). The
wild-type and Pax8 mutant alleles gave rise to PCR products of
389 and 673 bp, respectively. The Pax8neo allele (referred to as
Pax8− allele) was backcrossed into the C3H/He genetic back-
ground for at least four generations and then crossed into
Pax2+/− C3H/He mice (Bouchard et al. 2000) to generate double-
mutant mice.

In situ hybridization analysis

Mouse and chick embryos were processed for whole-mount in
situ hybridization with digoxigenin-labeled antisense RNA
probes as described (Henrique et al. 1995). The mouse Pax2,
Pax8, and c-ret probes have been described (Adams et al. 1992;
Pachnis et al. 1993). The chicken c-ret probe was generated
by RT-PCR cloning of a 1.4-kb cDNA from embryonic head
RNA, using the primers 5�-GCGGGGCTTCCTTTGGTCT
GT-3� and 5�-ATGTTTCCTGCTCTGCTTGTC-3� (accession
no. Z49898). In situ hybridization was combined with immu-
nohistochemical analysis by first performing the in situ hy-
bridization reaction on whole-mount embryos followed by cryo-
sectioning and processing of the 10 µm sections for antibody
staining.

Immunohistochemical analysis

Embryos or dissected tissues were fixed and processed for
histological or immunohistochemical analysis as described
(Bouchard et al. 2000). The following antibodies were used
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for immunostaining: rabbit anti-Pax2 Ab (1:100 dilution; Co-
vance); rabbit anti-laminin Ab (1:500; Sigma); rabbit anti-�-ga-
lactosidase Ab (1:1000; Cortex Biochem); rat anti-E-cadherin Ab
(1:200; Zymed Laboratories); mouse anti-Lim1/2 Ab (1:1000;
Developmental Studies Hybridoma Bank); and mouse anti-WT1
Ab (1:100; Dako). Secondary reagents used for detection
were the anti-rabbit Vectastain kit (Vector Labs) or Alexa488- or
Alexa546-labeled anti-mouse, anti-rabbit, or anti-rat antibodies
(1:200; Molecular Probes). DAPI was used for counterstaining at
50 µg/mL in Slow Fade Light mounting medium (Molecular
Probes).

�-Galactosidase and TUNEL staining

�-Galactosidase activity was detected by X-gal staining of
whole-mount embryos as described (Pfeffer et al. 2000). The
fluorescein in situ cell death detection kit (Roche, Mannheim)
was used for TUNEL analysis of cryosections that were stained
before with a rabbit anti-Pax2 or rabbit anti-�-galactosidase an-
tibody.

Retroviral infection of chick embryos

The mouse Pax2 gene was ectopically expressed in chick em-
bryos by infection with the replication-competent retrovirus
RCASBP(A) (Morgan and Fekete 1996) carrying the mPax2b
cDNA. The mPax2 coding sequence was PCR-modified by con-
verting the sequence containing the translation start codon into
an NcoI site, cloned as a NcoI–HindIII fragment into the shuttle
vector Cla12Nco (Hughes et al. 1987) and transferred as a ClaI
fragment into the retroviral vector RCASBP(A). The RCAS–
mPax2 virus was produced at a titer of 2 × 109 infectious units/
mL as described (Morgan and Fekete 1996) and was injected
unilaterally next to Hensen’s node into the mid-streak tissue of
embryos at HH stages 4–6. Embryos were harvested 48 h post-
injection (at HH stages 17–18), and the expression of kidney-
specific genes was analyzed by whole-mount in situ hybridiza-
tion and immunohistochemistry. The viral infection and ecto-
pic Pax2 expression was monitored by immunostaining with
the anti-Gag antibody AMV3C2 (1:1000; Developmental Stud-
ies Hybridoma Bank) and an anti-mouse Pax2 antibody (1:200;
Covance), respectively. Pathogen-free fertilized White Leghorn
eggs (SPAFAS) were obtained from Charles River (Sulzfeld, Ger-
many) and incubated at 37.5°C in a rocking incubator. Embryos
were staged according to Hamburger and Hamilton (1992).

Accession number

The mouse Pax8 gene sequences were submitted to GenBank
(accession no. AY157583).
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