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The mammalian Hox complex is divided into four linkage groups containing 13 sets of paralogous genes.
These paralogous genes have retained functional redundancy during evolution. For this reason, loss of only
one or two Hox genes within a paralogous group often results in incompletely penetrant phenotypes which are
difficult to interpret by molecular analysis. For example, mice individually mutant for Hoxa11 or Hoxd11
show no discernible kidney abnormalities. Hoxa11/Hoxd11 double mutants, however, demonstrate hypoplasia
of the kidneys. As described in this study, removal of the last Hox11 paralogous member, Hoxc11, results in
the complete loss of metanephric kidney induction. In these triple mutants, the metanephric blastema
condenses, and expression of early patterning genes, Pax2 and Wt1, is unperturbed. Eyal expression is also
intact. Six2 expression, however, is absent, as is expression of the inducing growth factor, Gdnf. In the
absence of Gdnf, ureteric bud formation is not initiated. Molecular analysis of this phenotype demonstrates
that Hox11 control of early metanephric induction is accomplished by the interaction of Hox11 genes with
the pax-eya-six regulatory cascade, a pathway that may be used by Hox genes more generally for the induction

of multiple structures along the anteroposterior axis.
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Hox genes have long been recognized as important regu-
lators of embryonic development. In mammals, this
complex of 39 genes resides on four separate chromo-
somal linkage groups, designated A, B, C, and D. These
groups diverged early in the evolution of vertebrates fol-
lowing quadruplication of a single ancestral complex.
Homologous members within the separate linkage
groups are divided into 13 sets of paralogous genes, each
having two to four members. During development,
paralogous sets of genes are activated sequentially in the
developing embryo, with the Hox1 and Hox2 paralogous
groups being expressed earlier and more anteriorly in the
embryo and successive groups through paralogous group
Hox13 appearing later with increasingly more posterior
limits of expression (Duboule and Dolle 1989; Graham et
al. 1989). Despite the recognition of the importance of
Hox genes in development and extensive genetic analy-
sis of both loss-of-function and gain-of-function muta-
tions in mouse, few hints have surfaced regarding how
these genes function at the molecular level to provide
positional information along the anteroposterior (A-P)
axis.

It has been clear for some time that functional redun-
dancy may account for the difficulty in determining the
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molecular pathways in which Hox genes operate. Loss-
of-function of two or more paralogous members has re-
peatedly demonstrated exacerbations of phenotype com-
pared to the single mutants (Condie and Capecchi 1994
Davis et al. 1995; Horan et al. 1995; Zakany et al. 1997;
Studer et al. 1998; Chen and Capecchi 1999; Rossel and
Capecchi 1999). These studies have pointed out that
many of the most basic functions of Hox genes may be
conserved among all members of any given paralogous
group. Therefore, partial loss-of-function of the paralo-
gous group would be expected to result in what classical
geneticists refer to as ‘hypomorphic’ phenotypes. Al-
though hypomorphic phenotypes are often informative
with regards to temporal and spatial aspects of function,
they are not characteristically amenable to molecular
analysis, particularly without comparison to the com-
plete loss-of-function phenotype.

A corollary to this hypothesis with respect to Hox
analysis is that only in the functional absence of an en-
tire paralogous group can the most basic functions of this
set of genes be realized. An example is the Hox11 paralo-
gous group genes. Hoxall and Hoxd11 single mutant
phenotypes have been reported as well as the double mu-
tant phenotype (Small and Potter 1993; Davis and Ca-
pecchi 1994; Davis et al. 1995). These genes affect the
development of the reproductive tract, the vertebral
skeleton, the limb, and the kidney. The severity of all
four aspects of phenotype increases in the Hoxall/
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Hoxd11 double mutant compared to either single mu-
tant. With respect to kidney development, neither
Hoxall nor Hoxd11 single mutant animals display any
overt phenotype. Double mutant mice, however, dem-
onstrate variably penetrant kidney hypoplasia (Davis et
al. 1995; Patterson et al. 2001). In these double mutants,
there is one remaining functional Hox11 gene, Hoxc11.
If members of the Hox11 paralogous group are function-
ally redundant in kidney development, then removal of
the final member, Hoxc11, should further exacerbate the
kidney phenotype and represent the complete loss-of-
function phenotype for this paralogous gene family.

The kidney is an excellent model organ system for the
study of inductive mechanisms in vivo and in vitro.
Early molecular events of kidney morphogenesis are
functionally well described (Dressler 1999; Kuure et al.
2000), making it an ideal system in which to analyze
Hox function. The metanephric kidney develops through
a series of reciprocal inductions. Initially, a caudal region
of the intermediate mesoderm termed the metanephric
blastema condenses. From its earliest stages, the meta-
nephric blastema expresses each of the three Hox11 para-
logs, Hoxall, Hoxc11, and Hoxd11 (Hsieh-Li et al. 1995;
Hostikka and Capecchi 1998; Patterson et al. 2001 and
unpubl.). The condensed metanephric blastema induces
the ureter to bud from the Wolffian duct. The Hox11
paralogs are never expressed in either the Wolffian duct
or the ureteric bud. The ureter, in turn, induces the
metanephric mesenchyme to convert to epithelium and
form the differentiated components of the nephron. By
continued proliferation and branching of the ureter in-
duced by the mesenchyme and continued nephrogenesis
in the mesenchyme induced by the ureter, the kidney
develops into a mature organ containing thousands of
filtration units connected through a complex collecting
duct system.

The kidneys in Hoxal1/Hoxd11 double mutants were
described in greater detail recently (Patterson et al.
2001). In those embryos, ureteric bud initiation was re-
ported to occur normally at E11.5. By E13.5, the double
mutant embryos in that study displayed kidney abnor-
malities. The ureter had undergone less branching at this
stage compared to controls. The expression patterns of
many genes, including Wnt7b, Wnt11, Bf2, Pax2, Wtl,
and Gdnf were examined at midorganogenesis. Expres-
sion of each of the markers was detected in the double
mutants, and many were found to be altered compared to
controls, particularly with respect to expression along
the dorsoventral axis. Since the development of the kid-
neys at this stage in the double mutants was already
morphologically abnormal, it is difficult to discern from
this analysis which genes were directly affected by loss
of Hox function, and which altered gene expression pat-
terns reflected secondary effects of aberrant kidney mor-
phology.

In the present study, we report the generation of mice
mutant for all three Hox11 paralogous genes (Hoxall /-,
Hoxc117/~, Hoxd117/~) and the resulting kidney pheno-
type. In triple mutants, metanephric induction is com-
pletely absent. The early metanephric blastema con-
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denses, but the ureter never buds from the Wolffian duct.
The expression of many early patterning molecules in-
cluding Pax2, Wt1, and Eyal is normal. Six2 and Gdnf
expression, however, are specifically absent. The mo-
lecular analysis of this phenotype appears identical to
that reported for Eyal homozygous mutants and sup-
ports the hypothesis asserted by Xu et al. (1999) that the
pax-eya-six pathway, first elucidated in Drosophila eye
development, is conserved in mammalian kidney devel-
opment. This study further demonstrates that the Hox11
paralogous genes converge on this pathway during meta-
nephric kidney development.

Results

Mice with combinations of null mutations for Hoxall,
Hoxc11, and Hoxd11 were generated by standard genetic
crosses (Davis and Capecchi 1994; Boulet et al., in prep.;
S.L. Hostikka and M.R Capecchi, in prep.). Generation of
triple heterozygous animals (11AaCcDd, where upper-
case letters denote wild-type alleles and lowercase let-
ters denote mutant alleles) as well as animals with com-
binations of four mutant alleles (11aaCcDd, 11AaccDd,
or 11AaCcdd) were obtained in near Mendelian ratios.
All male and female mice of the above genotypes are
infertile and show many of the reproductive defects pre-
viously reported for Hoxall mutant mice (Small and
Potter 1993; Hsieh-Li et al. 1995; data not shown). To
overcome the problem with infertility, triple mutant
embryos were produced by in vitro fertilization (Sztein et
al. 1997).

Hoxall/Hoxc11/Hoxd11 triple mutants have
no kidneys

At birth, Hoxal1/Hoxd11 double mutants displayed kid-
ney hypoplasia as described previously (Fig. 1, cf. D and
A; Davis et al. 1995; Patterson et al. 2001). These previ-
ous reports noted that kidneys were occasionally found
unilaterally. Of note, all four Hoxall/Hoxd11 embryos
histologically examined at E18.5 in the present study
possessed two hypoplastic kidneys. The other double-
mutant combinations (11laaccDD and 11AAccdd) dem-
onstrated less severe but similar defects to those seen in
Hoxall/Hoxd11 double mutants (Fig. 1B,C; all eight em-
bryos examined also had two kidneys). Embryos with
five mutant alleles (11laaccDd, 11aaCcdd, or 11Aaccdd)
were more severely affected. Of the five embryos ana-
lyzed at this time point, two possessed two very small,
rudimentary kidneys, one had only a single kidney rem-
nant (Fig. 1E), and two embryos had no kidney at this
stage. The severity of the phenotype did not correlate
with the remaining wild-type allele. In addition, as the
number of mutant alleles increases, the hypoplastic kid-
neys were located at increasingly more caudal and ven-
tral locations, consistent with observations of Patterson
et al. (2001), suggesting that migration of the organ is
disrupted. Triple mutant animals (1laaccdd) exhibited
no metanephric kidney formation (Fig. 1F).
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Figure 1. Kidney phenotype is exacerbated with increasing Hox11 mutant allelic contribution. Paraffin-embedded frontal sections (5
um) through E18.5 embryos, stained with hematoxylin and eosin. In all sections, anterior is up. Red block arrows denote kidneys in
each panel. Note increasing severity of kidney phenotype with increasing number of mutant alleles (A-F). (A) Wild-type embryo. (B)
Double mutant of Hoxc11/Hoxd11. (C) Double mutant of Hoxall/Hoxc11. (D) Double mutant of Hoxal1/Hoxd11. (E) Five-allele
mutant embryo, Hoxal1*/~, Hoxc117/~, Hoxd11/~. (F) Triple mutant section. No kidneys were ever observed in triple mutant embryos.

At E13.5 in wild-type embryos, the mesonephros has
regressed, the ureter has invaded the metanephric blas-
tema, and a few rounds of branching of the ureter have
occurred in the metanephros (Fig. 2C). In the Hoxal1/
Hoxd11 double mutant embryos (and to a lesser extent
in all other combinations of four mutant alleles), the
ureter’s route to the kidney is circuitous and abnormal.
It bypasses the mediolateral aspect of the kidney where
it normally enters and instead traverses anteriorly
around the kidney to the lateral side where it finally
enters the metanephric kidney (Fig. 2D). All other four-
and five-allele mutant embryos at this stage have two,
abnormally developing kidneys (data not shown; n = 6).
These findings suggest that the occasional unilateral kid-
ney reported in adult Hoxall/Hoxd11l double mutant
mice and the more frequent unilateral or bilateral ab-
sence of metanephric kidney in the five-allele mutant

newborns are due to loss of an aberrantly developing
structure. Triple mutant embryos at this stage show no
sign of metanephric kidney development (n = 3; Fig. 2E).

Ureteric bud induction does not occur
in triple mutants

The initial budding of the ureter from the Wolffian duct
was examined in E11.5 embryos. At this stage a single,
unbranched ureteric bud can be seen invading the meta-
nephric blastema in control embryos (Fig. 3A). In all mu-
tant embryos examined, condensation of the metaneph-
ric blastema appears normal. All Hoxall/Hoxd11l em-
bryos have a single ureteric bud, and initial bud invasion
appears normal for both kidneys in all cases examined
(n =5, Fig. 3B). In embryos with five mutant alleles, bud
invasion can occur, but the ureteric bud examined at the
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Figure 2. Disrupted ureteric migration at E13.5. Paraffin-embedded histological frontal sections (5 pm) through embryos stained with
hematoxylin and eosin. Dashed black line in panel A shows the plane of section shown in C-E. The red box in panel B shows the
approximate region shown in C-E. Panels C-E show the embryos’ left developing metanephros. The midline of each embryo is to the
left, anterior to the top. Black arrows denote the ureter. (C) Control kidney. (D) Section through a Hoxal1/Hoxd11 double mutant
embryo. The ureter traverses by the medial aspect of the kidney (not seen in this section), around the anterior aspect of the kidney to
the lateral side, where it eventually enters the developing metanephros. No kidney development was seen in triple mutant embryos

at this stage (E).

same stage frequently migrated in regions away from the
metanephric mesenchyme (n =7, Fig. 3C). No ureteric
bud formation occurred in any triple mutant embryos
examined (n = 8, Fig. 3D). As expected in the absence of
metanephric induction, the triple mutant blastema was
lost due to apoptosis (n = 4, Fig. 4A,B; Koseki et al. 1992).
Kidney development was not detected beyond this stage
in triple mutant embryos.

Molecular analysis of metanephric induction

Induction of metanephric development is well character-
ized, and several molecules are known to affect this pro-
cess. Since each of the Hox11 paralogous genes are ex-
pressed in the blastemal mesenchyme and not in the
Wolffian duct (Hsieh-Li et al. 1995; Hostikka and Capec-
chi 1998; Patterson et al. 2001), we analyzed the expres-
sion of the mesenchymal molecules known or expected
to play a role in blastemal induction of ureteric bud for-
mation. We examined the expression of these genes at
E10.5, just prior to initiation of ureteric bud formation.
At this stage, all control and mutant embryos are mor-
phologically indistinguishable. The assumption was
made that any affect on the Wolffian duct would be sec-
ondary to a cell autonomous defect in the blastema
where these Hox11 transcription factors are expressed.
This analysis was limited to molecules known or ex-
pected to have a role in initiating ureteric bud induction.
The expression patterns of molecules such as Wnt4 and
Bf2, which are known to be expressed in the mesen-
chyme after the initiation of ureteric bud formation and
to affect later stages of metanephric development, were
not analyzed in this triple mutant study.
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Wt1 and Pax2 are transcription factors important for
establishing competence and early patterning in kidney
development. Mice with targeted disruptions in either of
these genes demonstrate loss of metanephric induction
(Kreidberg et al. 1993; Torres et al. 1995). Wtl is ex-
pressed in the developing blastema as well as the sur-
rounding developing urogenital mesenchyme, but it is
not expressed in the Wolffian duct. Pax2 is expressed in
both the metanephric blastema as well as the Wolffian
duct. Expression of these two proteins appears normal in
Hox11 triple mutant embryos at E10.5, just prior to nor-
mal ureteric bud formation (see Fig. 5A,B and C,D, re-
spectively).

Eyal and Six2 are also expressed in the metanephric
blastema at this stage. Loss-of-function of Eyal in mice
results in loss of ureteric bud induction as seen in Hox11
paralogous triple mutants (Xu et al. 1999). Targeted dis-
ruption of Six2 has not been reported. In all Hox11 mu-
tant blastemas, Eyal expression also appears normal
(Fig. 5E-G). However, Six2 expression is never detected
in the triple mutant blastema (Fig. 5, cf. H and J). Addi-
tionally, the level of Six2 expression appears to be de-
pendent on the number of functional Hox11 alleles, as
embryos with five mutant alleles show very weak ex-
pression of Six2 compared to controls (Fig. 5H-J).

Expression of Gdnf is also absent or greatly reduced in
triple mutants compared to controls (Fig. 5K,L). Gdnf is
expressed in the metanephric blastema, and Gdnf mu-
tant mice exhibit the same loss-of-induction phenotype
as Hox11 triple mutants (Hellmich et al. 1996; Moore et
al. 1996; Pichel et al. 1996; Sanchez et al. 1996). Gdnf has
been demonstrated to be an inducing ligand in this sys-
tem, operating through coreceptors c-ret and GDNFRq,
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Figure 3. Ureteric budding is disrupted in Hox11 mu-
tants. Hematoxylin and eosin-stained sections (5 pm) of
paraffin-embedded E11.5 embryos. W, Wolffian duct.
Red arrows denote metanephric blastema. (A) Normal
ureteric budding into the blastema of a control embryo.
This process appears to occur normally in double mu-
tant embryos (Hoxall/Hoxd11 double mutant shown
in B). The green arrow in panel C shows the right ure-
teric bud of a five-allele mutant embryo. This bud never
makes contact with the metanephric blastema, but can
be followed through sections traversing an indirect path
around it. (D) A triple mutant embryo. No ureteric bud
is ever formed in these embryos.

expressed in the Wolffian duct, and Gdnf expression is Discussion

necessary for ureteric bud induction in vivo and in vitro

(Schuchardt et al. 1996; Treanor et al. 1996; Trupp et al. In this study, we examined the effect of loss-of-function

1996; Sainio et al. 1997; Cacalano et al. 1998).

11AACCDd

TUNEL
Pax2

of the entire Hox11 paralogous group on kidney devel-
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Figure 4. Hoxl11 triple mutant blastemas undergo apoptosis in the absence of induction. Consistent with loss of metanephric
induction, the condensed blastemal mesenchyme is lost by apoptosis in the triple mutant. (A) Control and (B) Hox11 triple mutant,
show sections through E11.5 embryos. Cell death staining by TUNEL is shown in green, and Pax2 antibody staining is in red. Note
massive cell death in the triple mutant blastema, but not the Wolffian ducts. The metanephric blastemas in control and mutant
embryos are indicated by a white arrow; the Wolffian ducts are indicated by a white W.

GENES & DEVELOPMENT 1427



Wellik et al.

11AACCDd 11aaccdd

Wi1

11AACcDd 11aaccdd

Pax2

11A2CCDd JiAacadd 11aaccdd

;‘; o '1:, ‘

| i
4 s

11AACCDd 11aaCcdd 11aaccdd

11aaccdd

i AR N, H e e oo o ed e e

Figure 5. Molecular characterization of Hox11 triple mutant phenotype. (A-L) E10.5 frontal sections through the metanephric region.
(A,B) Immunohistochemical staining of Wtl in control and triple mutant embryos in the metanephric blastema and surrounding
urogenital mesenchyme. Note that the control section in A is at a slightly later stage, approximately E11. At the left side of A, the
ureter (which does not stain for Wt1) can be seen entering the metanephric mesenchyme. (C,D) Pax2 immunostaining in the blastema
and Wolffian duct. There are no observable differences between control and mutant embryos. (E-G) Eyal expression as detected by in
situ hybridization (ISH). (E) Control embryo. (F) Five-allele mutant, 11Aaccdd, shown at a slightly later stage (approximately E11, note
invasion of both blastemas by nonexpressing ureteric bud). (G) Triple homozygous mutant. Expression of Eyal is normal in mutants
and controls. (I) Six2 ISH demonstrates a drastic reduction in Six2 message in five-allele embryos (11aaCcdd shown here at approxi-
mately E11, note invasion of the right metanephric blastema by nonexpressing ureteric bud), compared to control expression (H). There
is a complete loss of message in triple mutant mesenchyme (J) compared to control (H). Gdnf expression as detected by ISH in control
(K) and triple mutant (L) is absent or much reduced in triple mutant blastemas.

opment. The major conclusions are that the Hox11 metanephric development. Removal of all six functional
paralogous genes are functionally redundant in early kid- alleles of the Hox11 paralogous group results in a com-
ney development and are necessary for the initiation of plete loss of ureteric bud formation. Further, while many
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aspects of the early molecular patterning of the meta-
nephric blastema are intact, expression of Six2 and Gdnf
was specifically affected. This morphological and mo-
lecular phenotype is identical to that reported for Eyal
mutant kidneys (Xu et al. 1999) and suggests that the
Hox11 paralogous genes directly impinge on the pax-
eya-six pathway in kidney development.

Loss of metanephric induction

In retrospect, it may not seem surprising that disruption
of the entire Hox11 paralogous group results in loss of
metanephric induction. Hindsight allows us to make
this a natural progression, but a more insightful review
of the current literature might not suggest this outcome.
First, at least 15 of the 39 Hox genes are expressed in the
developing kidney (Davies and Brandli 2002). The chance
that disruption of three of these 15 Hox genes, albeit an
entire paralogous group, would result in loss of initiation
of the organ is therefore not intuitive. Secondly, other
systems affected by these mutations are not perturbed to
this degree. Of the Hox11 paralogs, for instance, Hoxall
and Hoxd11 are expressed in the developing forelimb
zeugopod, whereas all three paralogous members are ex-
pressed in the hindlimb zeugopod. In Hoxal1l/Hoxd11
double mutants, the ulna and radius are greatly reduced,
but not eliminated (Davis et al. 1995). The triple mu-
tants demonstrate a similar extent of reduction, but not
complete loss, in the hindlimb zeugopod as the Hoxal1/
Hoxd11 mutant forelimb (D. Wellik and M. Capecchi,
unpubl.). In a study by van den Akker et al. (2001), loss-
of-function of the entire Hox8 paralogous group (HoxbS,
Hoxc8, and Hoxd8) resulted in a variety of transforma-
tions of the axial skeleton, but not in loss of these ele-
ments. Therefore, that induction of metanephric devel-
opment is arrested at its initiation with 100% pen-
etrance would not have been readily predicted.

The present findings leave open the interesting ques-
tion of what functions other Hox genes are performing
during kidney development. The Hox10 paralogous
genes are also strongly expressed in the kidney mesen-
chyme, and mutant combinations of these genes exhibit
kidney phenotypes (D. Wellik and M. Capecchi, un-
publ.). Misexpression of Hoxd13 in the posterior region
of the embryo causes severe kidney defects (Kmita et al.
2000). Determining how these and other Hox genes af-
fect kidney development and their relationship to Hox11
function should provide further insights into the pattern-
ing of this model organ.

The role of Hox11 in the pax-eya-six pathway

The importance of the pax-eya-six transcriptional regu-
latory hierarchy in organogenesis was first demonstrated
in Drosophila eye disc development (Pignoni et al. 1997;
Halder et al. 1998; Ohto et al. 1999). In Drosophila, genes
homologous to Eya and Six (eyes absent [eya] and sine
oculis [so], respectively) are downstream of the Pax ho-
molog, eyeless (ey) (Halder et al. 1998). Eya is initially

Hox11 paralogous genes in kidney development

upstream of so, and ectopic expression of eya induces
expression of so, but only transiently (Pignoni et al.
1997). Eya and so are both required for induction of ec-
topic eye formation (Pignoni et al. 1997; Ohto et al.
1999). Recent studies in vertebrates demonstrated that
this pathway is operating in muscle differentiation,
mouse lens and placode development as well as in inner
ear and metanephric kidney development (Xu et al. 1997,
1999; Heanue et al. 1999).

The present study demonstrates that Hox genes are an
important component of the pax-eya-six pathway in
mammalian kidney development. In the developing
metanephros, the Hox11 paralogs and Eyal are upstream
of Six2. Eya proteins do not contain DNA binding do-
mains, but translocation to the nucleus is important for
their function, suggesting that they are likely to be co-
factors for DNA binding and transcriptional activation
(Ohto et al. 1999). Indeed, previous studies have demon-
strated that Eya can bind to Six proteins and can activate
downstream genes (for review, see Kawakami et al.
2000). A model consistent with the current study and
previous data is that the Hox11 and Eyal proteins to-
gether activate Six2 expression in the metanephric blas-
tema. This activation complex may also include Pax2, as
direct interactions between eyeless (the Drosophila Pax
homolog) and the sine oculis (so, the Drosophila Six ho-
molog) enhancer region have been reported (Niimi et al.
1999).

With respect to Gdnf regulation, loss-of-function of
Pax2, Eyal, or Hox11 paralogs all result in the loss of
Gdnf expression (Torres et al. 1995; Xu et al. 1999; this
study). Of these, only Pax2 has been shown to bind at the
Gdnf locus (Brophy et al. 2001). Pax2 must not be suffi-
cient to activate Gdnf expression, however, because
Pax2 expression is normal in both the Eyal and the
Hox11 mutants (Xu et al. 1999; this study). In contrast,
Six2 expression is missing in both of these mutants (Xu
et al. 1999; this study). Based on the above data and the
reported intraregulation within this group, a combina-
tion of these proteins including Pax2, Eyal, Six2, and
Hox11 could then regulate the expression of GDNF at
the appropriate position for metanephric induction and
subsequent development.

Although the details of the specific protein interac-
tions occurring in this system remain to be defined, the
present findings provide clear insight into the molecular
basis of “positional value.” This term, along with “po-
sitional identity,” has been widely used to describe the
role of Hox genes in the developing embryo. However,
providing a molecular explanation for this observation
has been elusive. Hox11 paralogous genes are expressed
at the correct time and at the appropriate position along
the A-P axis for initiating metanephric kidney forma-
tion. By controlling, directly or indirectly, the expression
of Gdnf in this region, the Hox genes determine the A-P
location for metanephric kidney induction and thus pro-
vide this organ with the correct “positional value.”
Other members of this regulatory pathway, such as
Pax2, Eyal, and Six2, are expressed in many regions
along the A-P embryonic axis. By coupling with the ap-
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propriate Hox genes to control unique downstream tar-
get gene expression, in this case Gdnf, the whole regu-
latory system acquires the correct positional value.

Consistent with the hypothesis that multiple Hox
genes may be used as an integral component of the pax-
eya-six pathway, Eyal loss-of-function mutants pheno-
copy not only the Hox11 kidney phenotype, but many
other Hox mutant phenotypes. For example, Eyal mu-
tants and Hoxa2 mutants exhibit cleft palate (Rijli et al.
1992; Gendron-Maguire et al. 1993; Xu et al. 1999). Cra-
niofacial defects like those reported for Hoxa3 mutants
(Chisaka and Capecchi 1991) and seventh branchiomotor
defects similar to Hoxb1 mutants (Goddard et al. 1996)
are also reported in Eyal mutant mice (Xu et al. 1999).
Defective cervical vertebrae (i.e., atlas and axis defects)
similar to Hoxd3 mutants (Condie and Capecchi 1993)
and thoracic vertebral defects similar to Hox7 and Hox9
paralogous mutant phenotypes are also observed in Eyal
mutant mice (Chen et al. 1998; Chen and Capecchi 1999;
Xu et al. 1999). Compellingly, mice with targeted disrup-
tion of Eyal, Hoxal, Pax2, or Gdnf show arrested mor-
phogenesis of the inner ear (Chisaka et al. 1992; Torres et
al. 1995; Moore et al. 1996; Pichel et al. 1996; Sanchez et
al. 1996; Xu et al. 1999), and mice mutant for Eyal,
Hoxa3, or Pax9 are athymic, aparathyroid, and have re-
duced thyroid glands (Chisaka and Capecchi 1991; Peters
et al. 1998; Xu et al. 1999). These observations support
the hypothesis that Hox interaction in the pax-eya-six
pathway may be used in multiple contexts during mam-
malian development.

In summary, we have demonstrated that Hox11I
paralogous genes are required for metanephric kidney in-
duction. This function of Hox11 genes was revealed only
after the entire paralogous group was disrupted. Control
of this inductive process is accomplished at the molecu-
lar level by regulating the expression of Six2 and Gdnf,
thus revealing a role for the Hox11 genes in the pax-eya-
six transcriptional cascade in metanephric kidney devel-
opment. The extensive similarities of phenotypes be-
tween mice mutant for Eyal, a proposed partner for Six2,
and multiple reported Hox loss-of-function mutants sug-
gest that Hox participation in this regulatory pathway
may be used in other developmental contexts. Further
studies using multiple Hox alleles, molecular analysis,
and genetic interaction studies with Eyal mutant ani-
mals will test this hypothesis. Incorporating differen-
tially expressed Hox genes into this regulatory cascade
would provide a molecular means of conferring Hox- po-
sitional regulatory information to the formation of mul-
tiple structures and organs along the A-P axis.

Materials and methods

PCR genotyping

Primer sets used to distinguish between wild-type and mutant
alleles: Hoxal1, 5'-GCTGGCTTTTATCTGAAGCCGG-3’ (for-
ward), 5'-CTCCCAATTCCAGTAGGCTGGA-3’ (reverse), 5'-TT
GTTCAGACTACAATCTGACC-3' [neo); Hoxc11, 5-GCAGT
TACAGCAGTGGATTTCC-3' (forward), 5'-TGAGCTTTCAG
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CGACTGGGTTG-3' (reverse), 5-CGCGCTCGAGATGTGC
TGCAAGGCGATTAA-3' (neo); Hoxd11, 5'-CTTTTTTCCTA
TCTCAGTGCCAG-3' (forward), 5-GGGGTACATCCTGGA
GTTCTCA-3' (reverse), 5'-TTCAAGCCCAAGCTTTCGCG
AG-3' (neo).

Embryonic histology

Embryos were dissected in PBS, fixed in Bouin’s for less than 24
h and dehydrated through graded alcohols and stored in 70%
ethanol at 4°C. Embryonic membranes were used for genotyp-
ing. Embryos were vacuum-embedded in paraffin, sectioned at 5
pm and stained with hematoxylin and eosin.

TUNEL assay, immunohistochemistry, and in situ
hybridization

TUNEL analysis was performed on paraffin-sectioned embryos
using the In Situ Cell Death Detection Kit (Flourescein, Enzo).
For immunochemistry, embryos were fixed in 4% paraform-
aldehyde in PBS, processed as paraffin sections, and deparaf-
finized. Pax2 antibodies (BAbCO, now Covance) were used in a
1:25 to 1:50 dilution on paraffin sections. Wt1 antibodies (Santa
Cruz) were used at a 1:4 to 1:5 dilution on paraffin sections.
In situ hybridization procedures followed standard whole
mount protocols (Manley and Capecchi 1995; Goddard et al.
1996) through the probe wash. Whole embryos were then
washed through a sucrose gradient to 30%, then frozen in OCT
and sectioned. Anti-digoxigenin antibody (Boehringer-Mann-
heim) was added to each PBS-washed slide at a dilution of 1:
2000, and slides were developed in NBT/BCIP. Gdnf in situ
hybridization analysis was performed with the addition of three
independent digoxigenin-labeled probes, PCR-cloned (TOPO
Cloning, Invitrogen) from the 3’ untranslated region. The se-
quences were amplified from reverse-transcribed cDNA, sub-
cloned and labeled by standard methods. Primers used for am-
plification are as follows:
Set 1, 5'-gacttgggtttgggctatga -3" and 5'-gcgtcttcaaacacgtgaaa-3';
Set 2, 5'-tgggctcaacttttgetace-3’ and 5'-cccaagagctagaggetgtg-3';
Set 3, 5'-cgagggtccattetcttcag-3’ and 5'-tgggcaaggatagaggaaga-3'.
At least three to four mutant embryos were used for each
experiment.
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