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Abstract

Pbx1 encodes a TALE homeodomain transcription factor that regulates developmental gene expression in a variety of tissues.
Loss-of-function studies have demonstrated a critical role for Pbx1 in cellular proliferation and patterning and suggest its involvement in
numerous regulatory pathways. In this study, examination of metanephric development in Pbx1 ™~ embryos was conducted to further
elucidate Pbx1-dependent processes during organogenesis. Prior to death at E15.5, Pbx1~/~ embryos displayed kidneys that were reduced
in size, axialy mispositioned, and in more severe cases, exhibited unilateral agenesis. Analysis with molecular markers revealed the
effective induction of tubulogenic mesenchyme; however, Pbx1 ™'~ kidneys contained fewer nephrons and were characterized by expanded
regions of mesenchymal condensates in the nephrogenic zone. Despite the restricted expression of Pbx1 in metanephric mesenchyme,
developing nephrons, and stroma, decreased branching and elongation of the ureter were also observed. Moreover, heterologous recom-
bination studies with explant cultures verified that Pbx1 ™/~ renal defects arose exclusively from mesenchymal dysfunction. Taken together,
these data establish arole for Pbx1 in mesenchymal—epithelial signaling and demonstrate that Pbx1 is an essential regulator of mesenchymal

function during renal morphogenesis.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Renal organogenesis is initiated when the ureteric bud
sprouts from the posterior Wolffian duct and invades a
caudal region of the intermediate mesoderm, the meta-
nephric blastema. Ureteric induction establishes the stro-
mal and nephrogenic populations within the blastema
(Aufderheide et al., 1987) and promotes the survival and
differentiation of the nephrogenic mesenchyme into
nephrons (Grobstein, 1953, 1955; Saxen, 1987). In a
reciprocal fashion, signals from the mesenchyme induce
growth and branching of the ureter to ultimately form the
renal collecting system (Grobstein, 1953, 1955; Saxen,
1987). Stromal mesenchyme which develops peripheral
to the tubular population, and does not contribute to the
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formation of nephrons or collecting ducts, also provides
important signals that regulate ureteric bud arborization
and nephrogenesis (reviewed in Bard, 1996; Kuure et al .,
2000). Therefore, the complex process of metanephric
development relies on the integrated regulation of signals
between the ureter, nephrogenic mesenchyme, and
stroma.

Development of the metanephric kidney has served as
a model system to establish the importance of inductive
events during embryogenesis (Grobstein, 1953); how-
ever, the molecular mechanisms that coordinate renal
morphogenesis remain poorly understood. Much of the
current knowledge of metanephric regulators is based
primarily on loss-of-function studies that have elucidated
the roles of transcription factors, secreted factors and
their receptors, signaling molecules, cell adhesion fac-
tors, and extracellular matrix components in kidney de-
velopment (reviewed in Horster et al., 1999; Kuure et al.,
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2000). Continued identification of novel regulators, along
with further characterization of molecular interactions
and pathways, are fundamental to refining existing mod-
els of renal organogenesis.

Pbx genes (Pbx1-4) are the mammalian homologs of
Drosophila extradenticle (Rauskolb et al., 1993) and
encode a family of homeodomain transcription factors
that participate in multiprotein complexes to regulate
developmental gene expression (reviewed in Mann and
Affolter, 1998). The prototypic Pbx family member,
Pbx1, was originally identified as a chromosomal break-
point product implicated in a subset of childhood leuke-
mias (Kamps et al., 1990; Nourse et a., 1990). In com-
parison to its well-defined role as a transcription factor,
the biological functions of Pbx1 during embryogenesis
have not been extensively examined. Pbx1 is expressed
in a variety of tissues during embryonic development
where it is predominantly associated with condensing
mesenchyme and is detected at sites of mesenchymal—
epithelial interaction (Schnabel et al., 2001). Recent stud-
ies demonstrate a critical role for Pbx1 in developmental
regulation whose loss-of-function results in embryonic
lethality and multiple tissue abnormalities (Selleri et al.,
2001).

In the present study, we define Pbx1 expression do-
mains during renal development and demonstrate that
loss of Pbx1 leads to the absence or abnormal formation
of metanephric kidneys. Although Pbx1 is primarily ex-
pressed in the nephrogenic mesenchyme and stroma, de-
fects in ureteric branching and patterning were observed.
In addition, we show that differentiation of the nephro-
genic mesenchyme into nephrons is severely reduced in
Pbx1 mutants. Our findings establish a role for Pbx1 in
mesenchymal—epithelial inductive signaling and demon-
strate that Pbx1 is a critical regulator of mesenchymal
function during renal morphogenesis.

Materials and methods
Generation of Pbx1 ™~ mice

Targeted disruption of Pbx1 and generation of Pbxl
mutant mice have been described (Selleri et a., 2001).
Heterozygous (Pbx1*/~) mice were intercrossed to obtain
homozygous embryos on a mixed genetic background de-
rived from strains C57BL6/6J and 129/SvTer. Phenotypes
were analyzed from the fourth and fifth backcrossed gener-
ations. Renal phenotypes were similar in mice derived from
two independent ES clones (38 and 176) used in these
studies. No apparent haploinsufficiency was observed in
Pbx1*/~ animals; therefore, “wild type” refers to pheno-
types examined in Pbx1™/* and Pbx1™/~ kidneys. Gesta-
tional age was estimated from the time of mating, with noon

of the day of plug detection as E0.5. Genotypic analysis was
performed on DNA extracted from embryonic yolk sacs as
described (Selleri et a., 2001).

Histology and immunohistochemistry

Embryos were fixed overnight in 10% formalin, dehy-
drated to ethanol, and embedded in paraffin. Four-micron
sections were either stained with hematoxylin and eosin
or used for immunohistochemical analysis. Immunohis-
tochemistry was performed as described (Schnabel et al.,
2001). Monoclonal antibodies used in this study were
anti-Pbx1b (Chang et al., 1997) and anti-BrdU (NeoMar-
kers); polyclonal antisera consisted of anti-Pax-2
(Zymed) and anti-WT1 (Santa Cruz Biotechnology). Sec-
ondary antibodies used were either biotin-conjugated
goat anti-mouse 1gG or goat anti-rabbit 1gG and horse-
radish peroxidase-conjugated streptavidin (Jackson Im-
munoresearch), which were detected with DAB (Sigma).
For in vivo BrdU labeling studies, pregnant mice were
injected intravenously with 50 mg BrdU/gram of body
weight 3 h before sacrifice. BrdU detection was per-
formed as described previously (Nowakowski et al.,
1989).

In situ hybridization

In situ hybridization analysis was performed essen-
tially as decribed (Wilkenson, 1992). Briefly, embryos
were fixed in freshly prepared 4% paraformaldehyde in
PBS (8 h to overnight), dehydrated to ethanol, and em-
bedded in paraffin for sectioning. Hybridizations on tis-
sue sections were performed by using digoxygenin-la-
beled antisense riboprobes prepared according to
manufacturer’ s instructions (Boehringer-Mannheim), and
as previously described: BF-2 (Hatini et al., 1996),
Whnt-11 (Kispert et al., 1996), c-ret (Pachnis et al., 1993),
and Pod-1 (Quaggin et al., 1998). Detection was per-
formed by using an akaline phosphatase-conjugated
monoclonal antibody against digoxygenin (Boehringer-
Mannheim) and BCIP/NBT (Vector Laboratories).

Immunofluor escence

Indirect immunofluorescence was performed on paraffin
sections of E12.5 formalin fixed embryos. Sections were
treated for antigen retrieval by using Antigen Unmasking
Solution (Vector Laboratories) according to manufacturer’s
instructions. Slides were blocked with normal sheep serafor
1 h and incubated with anti-Pbx1b antibody (Chang et al.,
1997) in PBS/1% sheep serafor 2 h at room temperature in
a humidified chamber. Secondary detection was performed
by using FITC-conjugated goat anti-mouse 1gG, antisera
(Cortex Biochem) for 1 h at room temperature. Slides were
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mounted with Vectashield (Vector Laboratories) mounting
media with propidium iodide (PI) and viewed on a Molec-
ular Dynamics Multiprobe 2010 laser scanning confocal
microscope.

Lectin staining and ureteric branch quantification

Whole embryonic kidneys were dissected at E12.5,
E13.5, and E14.5 and grown overnight at 37°C as raft
cultures on Nuclepore polycarbonate filters (Whatman). Or-
gan cultures were maintained in DMEM/F12 media (Gibco)
without serum or growth factors. For whole-mount staining
with fluorescein-coupled dolichous biflorus agglutinin
(DBA) (Vector Laboratories), embryonic kidneys were
fixed in 2% paraformaldehyde for 10 min, blocked for 1 h
a 37°C in PBS/0.5% Triton X-100/3% BSA (PBS-TX-
BSA), and incubated for 1 h at 37°C with DBA diluted 1:40
in PBS-TX-BSA. Ureteric bud ends visualized by lectin
staining from wild type kidneys (n = 4) and Pbx1™/~
kidneys (n = 4) for each developmental stage were
counted.

Organ culture and explant treatments

Metanephric explant cultures were established as de-
scribed (Dudley et a., 1999; Saxen, 1987). Briefly, kidneys
were dissected from E11.5 embryos in L-15 medium sup-
plemented with 1% Cosmic Calf Sera (Hyclone). To isolate
metanephric mesenchyme and ureter, kidneys were treated
with 0.25% trypsin in dissection medium for 10 min on ice,
and tissues were separated mechanically with 26G needles.
Explants were grown in transfilter systems on Nuclepore
membranes (Whatman) for 60 h in DMEM/F12 medium
supplemented with 10% FBS (Hyclone) and penicillin/
streptomycin/glutamine (Sigma).

Results
Metanephric kidney defects in Pbx1 ™/~ embryos

Targeted disruption of Pbx1 and generation of Pbx1
homozygous mutant mice have been previously reported
(Selleri et al., 2001). Loss of Pbx1 function resulted in
embryonic lethality at E15.5 and widespread developmental
defects that were generally manifested as tissue hypoplasias
(DiMartino et al., 2001; Kim et a., 2002; Selleri et d.,
2001). Analysis of urogenital development in Pbx1 ™/~ em-
bryos demonstrated multiple organ abnormalities affecting
mesodermal derivatives of the urogenital ridge (C.A.S,, L.
Selleri, and M.L.C., unpublished observations). Namely,
Pbx1 ™/~ embryos lacked adrenal glands and displayed im-
paired differentiation of the gonads, mesonephros, and kid-
neys. Mullerian ducts were absent in Pbx1 mutants, whereas
Wolffian ducts were formed and joined appropriately with
the cloaca. These findings suggested that Pbx1 serves mul-
tiple functions during urogenital ontogeny that are required
both at early stage intermediate mesoderm development as
well as later during tissue differentiation. In this study,
further analyses of metanephric defects were conducted to
elucidate Pbx1 function during kidney organogenesis.

Histological analysis of Pbx1 ™/~ embryos reveaed de-
fects in renal development with varied phenotypic severity
(Fig. 1A-D). A majority of Pbx1~/~ embryos exhibited
bilateral formation of hypoplastic kidneys with unilateral
agenesis detected in approximately 30% of Pbx1l mutants
analyzed (right, 36%; left, 64%) (Fig. 1A-D). In cases of
unilateral agenesis, extension of the Wolffian duct into the
cloacal region was undisrupted on the affected side (Fig.
1D). Further examination of E13.0 embryos showed that
kidneys in Pbx1 ™/~ embryos were reduced in size, rotated
ventrally, and mispositioned caudally in the body cavity
when compared with wild type (wt) embryos (Fig. 1A, B, E,

Fig. 1. Histological analysis of metanephric development in Pbx1 ™/~ embryos. Matching sections of wt (A, C, E, and G) and Pbx1 '~ littermates (B, D, F,
and H) at E13.0 (A, B) and E14.5 (C—H). (A, B) Developing kidneys at E13.0 contain distinct cortical and medullary regions (arrowsin A), which are poorly
defined in Pbx1 ™/~ kidneys (arrowsin B). Pbx1 ™/~ kidneys are smaller and rotated ventrally toward their inferior poles. (C, D) Arrows denote the presence
of unilateral kidney formation observed in approximately 30% of Pbx1 ™/~ embryos (D) vs bilateral formation in control embryos (C). (E, F) By E14.5, wt
kidneys are ascended in the body cavity (arrow in E), whereas kidneys in Pbx1~'~ embryos are positioned inappropriately more caudally (arrow in F). (G,
H) E14.5 wt kidneys contained tubular structures at various stages of development (arrows in G). In comparison, Pbox1 ™/~ kidneys were less than half the
size of controls and contained few S-shaped bodies (arrow in H) and no glomerular structures. Expanded regions of mesenchymal condensates are present
surrounding the ureteric buds (arrowhead in H).

Fig. 2. Expression of Pbx1 during metanephric development. (A—F) Expression of Pbx1 was evaluated by immunoperoxidase staining at E11.0 (A), E11.5
(B), E13.5 (C, D), and E14.0 (E, F). At metanephric induction, nuclear Pbx1 (brown stain) is present in the metanephric blastema (arrow in A) and
surrounding mesenchyme but is absent in the ureter (arrowhead in A). As the ureter branches, Pbx1 is detected throughout the invaded mesenchyme (arrow
in B). By E13.5, Pbx1 is seen thoughout the mesenchymal compartment in both the cortex and medulla (arrowsin C and D). During nephrogenesis, low-level
Pbx1 is present in pretubular aggregates and cells undergoing epithelial conversion (arrow in E) and is upregulated in glomerular cells (arrowhead in E). (F)
Higher magnification field of ureteric induction showing differential levels of Pbx1 in mesenchymal populations, with higher levels observed in stromal cells
(arrow in F) and lower levels detected in induced mesenchyme (arrowhead in F). (G) The absence of immunoperoxidase staining observed in the induced
mesenchyme and stroma of E13.5 Pbx1 ™/~ kidneys (arrows in G) confirms antibody specificity. (H, 1) Confocal micrographs of immunofluorescent detection
of Pbx1 in metanephric mesenchyme (green) costained with the nuclear marker Pl (red) further demonstrate lower levels of nuclear Pbx1 in the induced
mesenchyme (arrowheads in H, |) and higher levels associated with the surrounding stroma (arrows in H, 1). (J, K) Adjacent sections from E11.0 embryos
stained with Pbx1 (J) and Pax-2 (K) revea their colocalization in the metanephric blastema (arrows in J and K).
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and F). Distinct cortical and medullary regions, which were
evident in wt kidneys at this stage, were poorly defined in
Pbx1 '~ kidneys (Fig. 1A and B). A striking feature of the
Pbx1 ™/~ kidneys was the decreased number of differentiat-
ing nephrons when compared with control littermates (Fig.
1G and H). At E14.5, the renal cortex of wt kidneys con-
tained a nephrogenic zone with tubular structures at various
stages of nephrogenesis, including comma-shaped bodies,
S-shaped bodies, and glomeruli (Fig. 1G). In contrast, kid-
neys of E14.5 Pbx1 ™/~ embryos showed few comma-and
S-shaped structures and lacked mature glomeruli (Fig. 1H).
Moreover, the nephrogenic zone of Pbx1~'~ kidneys was
severely attenuated and associated with the formation of
large mesenchymal condensates surrounding a reduced
number of ureteric bud ends in comparison to wt controls
(Fig. 1G and H). Epithelia conversion of the mutant mes-
enchyme was delayed; however, nephrogenesis was not
completely blocked as few glomerular structures were de-
tected in E15.0 Pbx1 '~ kidneys (data not shown). These
findings demonstrate a critical role for Pbx1 in rena orga-
nogenesis.

Nuclear Pbx1 levels delineate distinct mesenchymal
populations in the developing kidney

To characterize Pbx1 function, its expression patterns
were defined in the developing kidney by immunohisto-
chemical analysis. At E11.0, when metanephric induction
began, Pbx1 was detected as nuclear staining in the meta-
nephric blastema and was colocalized with Pax-2, a marker
of nephron progenitors (Fig. 2A, J, and K). Pbx1 was also
apparent in the surrounding mesenchyme and coelomic ep-
ithelium, but was absent in the ureteric bud (Fig. 2A). High
levels of Pbx1 were present at E11.5 in the induced mes-
enchyme and stroma as ureteric branching was initiated
(Fig. 2B). By E13.5, pervasive expression of Pbx1 was seen
throughout the mesenchyme (Fig. 2C and D). Pbx1 was
detected in nephrogenic condensates adjacent to the ureteric
bud epithelium and in the metanephrogenic mesenchyme
that had yet to undergo aggregation (Fig. 2D). As tubulo-
genesis proceeded, Pbx1 was downregulated, with low level
expression in pretubular condensates and podocyte precur-
sors, but was increased in glomerular cells at the stage of
capillary loop extension (Fig. 2E). The highest levels of
Pbx1 were present in the stromal lineage (Fig. 2C—F). Un-
like other stromal markers, which are associated with dis-
tinct metanephric regions (Hatini et a., 1996; Quaggin et
a., 1998), Pbx1 was detected in the cortical progenitor
population as well as the more mature stroma in the med-
ullary regions of the developing kidney (Fig. 2C). In addi-
tion, specific detection of Pbx1 metanephric expression was
confirmed by the absence of staining observed in sections
from Pbx1 ™/~ embryos (Fig. 2G). Therefore, the expression
patterns of Pbx1 during kidney development suggest an
important function for Pbx1 in metanephric mesenchyme.

Further expression analysis demonstrated that levels of
nuclear Pbx1 distinguished the induced mesenchyme from
the stroma (Fig. 2F and Fig. 2H and I). Immunoperoxidase
staining of E11.0 embryos revealed two levels of Pbx1
expression within the metanephric blastema upon ureteric
induction. Lower levels of Pbx1 were detected in the in-
duced mesenchyme compared with that observed in the
surrounding stroma (Fig. 2A). Immunofluorescence con-
firmed that this distinctive pattern of Pbx1 mesenchymal
expression persisted in the nephrogenic zone at later stages
of development (Fig. 2H and I). Furthermore, double label-
ing to detect Pbx1 along with the nuclear stain, propidium
iodide (PI), showed that mesenchymal expression patterns
correlated with differential levels of nuclear Pbx1 (Fig. 2H
and 1). Therefore, highest levels of nuclear Pbx1 were as-
sociated with stroma cells, whereas lower levels of nuclear
Pbx1 were detected in cells committed to nephrogenesis.
These findings indicate that Pox1 protein levels delineate
distinct mesenchymal populations during metanephric de-
velopment.

Early events in metanephric development are unaltered in
Pbx1~/~ embryos

To establish the origin of Pbx1-associated renal defects,
expression of early-stage markers of metanephric develop-
ment was investigated. Metanephric induction ensues with
ureteric bud outgrowth from the Wolffian duct, which re-
quires c-ret and Pax-2, and mesenchymal competence,
which requires WT-1. Pax-2 plays an essential role in the
development of the posterior Wolffian duct and, subse-
quently, ureteric bud formation (Torres et a., 1995). In
sections of E11.0 embryos, appropriate expression of Pax-2
was observed in the Wolffian ducts and metanephric blast-
ema of Pbx1~/~ embryos and control littermates (Fig. 3A
and B). Ureteric bud development was further inspected
with the epithelial marker, c-ret, which is required for the
outgrowth and subsequent branching of the ureter (Schu-
chardt et al., 1996). c-ret expression was detected at equiv-
aent levels in the sprouting ureteric buds of wild type and
Pbx1 ™/~ embryos (Fig. 3C and D). Expression of WT-1,
which functions to regulate mesenchymal signals essential
for ureteric induction (Kriedberg et al., 1993), was aso
detected in the metanephric mesenchyme of both E11.0 wt
and Pbx1 ™/~ embryos (Fig. 3E and F).

Since previous studies implicated a role for Pbx1 in
cellular growth and expansion (DiMartino et al., 2001; Kim
et a., 2002; Selleri et al., 2001), levels of proliferation were
measured by in vivo BrdU labeling analysis. Comparable
levels of proliferation were seen in the ureteric buds as well
as the metanephric blastema of E11.0 Pbx1 ™/~ and wt
littermates (Fig. 3G and H), indicating that proliferative
growth of the ureter and metanephric mesenchyme was not
deficient in Pbx1 ™/~ kidneys. Thus, Pbx1 ™/~ embryos ex-
hibit appropriate expression of genes that mark the early
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stages of ureteric and mesenchymal differentiation. Further-
more, these resultsindicate that, despite earlier stage defects
in urogenital development resulting from loss of Pbx1 (un-
published observations), alterations during theinitia events of
metanephric induction were not observed in Pbx1 mutants.

Pbx1 '~ kidneys exhibit defects in ureteric branching

In addition to tubular abnormalities, Pbx1 ™/~ kidneys
displayed defects in ureteric branching morphogenesis (Fig.
4A—E). Histological analysis of E14.5 kidneys demon-
strated fewer ureteric tips in the renal cortex of Pbx1 ™/~
kidneys when compared with controls (Fig. 1H). To better
visualize the ureter, kidneys were dissected at various em-
bryonic stages and stained with dolichous biflorus aggluti-
nin (DBA), which labeled the ureteric epithelium (Fig. 4A—
D). Differences in branching, which were estimated by
counting ureteric bud ends, were not apparent in E12.5
Pbx1 ™/~ and wt kidneys (Fig. 4E). However, branching
defects became progressively accentuated such that, by
E14.5, Pbx1 ™'~ kidneys exhibited a threefold reduction in
the number of cortical ureteric buds in comparison to wt
littermates (Pbx1™'*, 60 = 3.5; Pbx1™/~, 22 = 1.4) (Fig.
4E). Aside from the quantitative reduction in overal
branching, Pbx1 ™/~ kidneys also showed ureteric patterning
defects (Fig. 4D). Whereas the dichotomous branching pat-
tern of wt ureters was clearly observed, the ureteric tree
appeared disorganized in Pbx1 ™/~ kidneys (compare Fig.
4C and D). Pbx1™/~ epithelia maintained a dichotomous
branching program; however, elongation of the ureter was
impaired with shorter intervals between subsequent
branches (Fig. 4D). As aresult, bifurcations of the Pbx1 ™/~
ureter were less defined and created a webbed appearance at
branch points in comparison to the consistent pattern ob-
served in wt kidneys (Fig. 4D). These results demonstrate a
role for mesenchymal factor Pbx1 in ureteric branching
morphogenesis and indicate its function in the regulation of
mesenchymal—epithelial interactions.

To further characterize defects in the collecting system,
markers of ureteric development were examined in Pbx1 ™/~
kidneys (Fig. 5A-D). Expression of Wnt-11 was detected
and appropriately confined to the tips of the branching
ureter (Kispert et al., 1996) in both Pbx1 null and wt
kidneys (Fig. 5A and B). In contrast, alterations of c-ret
expression were observed in Pbxl mutant kidneys. At
E14.5, c-ret expression is restricted to the growing tips of
wild type ureters (Fig. 5C). In Pbx1~/~ kidneys, however,
c-ret expression was ectopically detected in branches and

the ureteric stalk in addition to its expected distribution at
the ureteric tips at this stage (Fig. 5D). These observations
suggest that misexpression of c-ret may be correlated with
impaired ureteric development in Pbx1 ™/~ kidneys.

Abnormal expansion of induced mesenchyme in Pox1 ™/~
kidneys

Morphological defects in Pbx1 ™/~ metanephric mesen-
chyme included a delay in tubular differentiation as well as
the accumulation of mesenchymal condensates surrounding
the tips of the growing ureter. Further analysis of Pbx1 ™/~
mesenchyme was conducted by using molecular markersfor
stromal precursors (BF-2), interstitial stroma (Pod-1), in-
duced mesenchyme (Pax-2, WT-1), and cycling cdlls (BrdU).

Stroma factors, BF-2 and Pod-1, have been shown to
regulate epithelial differentiation and ureteric branching
during kidney development (Hatini et al., 1996; Quaggin et
al., 1999). Examination of BF-2 expression at E14.0 dem-
onstrated that the stromal lineage was established in
Pbx1 '~ kidneys, where predominant staining was detected
in subcapsular regions (Fig. 6A and B). Analysis of Pod-1
staining also revealed similar patterns of expression be-
tween Pbx1 ™/~ and control embryos in medullary stroma
and differentiating podocytes (Fig. 6C and D). Thus, spec-
ification and patterning of the stromal compartment was
unaffected in Pbx1 mutants.

Pax-2 and WT-1 are expressed in mesenchymal conden-
sates and are required for nephrogenesis (Armstrong et al.,
1993; Dressler et a., 1990; Moore et a., 1999; Rothenpieler
and Dressler, 1993). Appropriate cell-specific expression of
Pax-2 and WT-1 was detected; however, their distributions
were atered such that abnormally expanded regions of
mesenchymal induction were seen in Pbx1 ™/~ kidneys (Fig.
6E-J). Newly formed mesenchymal condensations in wt
kidneys contained 2 to 4 cell layers surrounding ureteric
buds, which were increased up to 15 layers in Pbx1 ™/~
kidneys (compare Fig. 6G and H). The presence of enlarged
mesenchymal regions expressing Pax-2 and WT-1 in
Pbx1 '~ kidneys suggests that the associated tubular de-
fects are not related to abnormalities in mesenchymal spec-
ification but, rather, in the regulation of mesenchymal dif-
ferentiation.

Differences in the levels of proliferation and apoptosis
were also investigated to account for the observed overall
growth reduction in Pbx1 ™/~ kidneys. By in situ TUNEL
staining, comparable levels of cell death were detected in
Pbx1~/~ and control kidneys (data not shown). Further-

Fig. 3. Markers of early metanephric development. Comparison between the expression of molecular markersin wt (A, C, E, and G) and Pbx1~/~ (B,
D, F, and H) embryos at E11.0 (A—H). Competence for metanephric induction was examined by immunohistochemical detection of Pax-2 (A, B), WT-1
(E, F), and BrdU (G, H) and by in situ hybridization for c-ret (C, D). Pax-2 is expressed in the Wolffian ducts (arrowheadsin A, B) and the metanephric
blastema (arrows in A, B) in both wt (A) and Pbx1~/~ embryos (B). Expression of c-ret is detected in the sprouting ureteric bud in wt (arrowhead
in C) and Pbx1~/~ (arrowhead in D) embryos. Bilateral expression of WT-1 is detected in the metanephric blastema of both control (arrow in E) and
Pbx1~/~ embryos (arrow in F). Comparable levels of proliferation detected by BrdU staining are observed in nephric tissues of wt (arrows in G) and

Pbx1~/~ embryos (arrows in H).
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Fig. 4. Ureteric defectsin Pbx1~/~ kidneys. Comparison of DBA lectin staining, which labels ureteric epithelia, in wt (A, C) and Pbx1~'~ embryonic kidneys
(B, D) a E14.5 (A, B) and E13.5 (C, D). Wt kidneys at E14.5 contain a highly branched ureteric tree (A), whereas branching is reduced approximately
threefold in Pbx1 ™/~ kidneys (B). (C, D) Higher magnification of DBA-stained kidneys. The program of branching in Pbx1 ™'~ kidneys remains dichotomous,
but ureteric elongation is impaired and branches show a webbed pattern (D) in comparison to control kidneys (C). (E) Graphic representation of the

progressive, quantitative reduction in ureteric branching in Pbx1 ™/~ kidneys.

more, expression of BMP-7, which is necessary for survival
of the nephrogenic mesenchyme (Dudley et al., 1995, 1999)
was unperturbed in Pbx1 ™/~ kidneys, and expression of
Pbx1in BMP-7"'~ kidneys was also unaltered (Fig. 5G and
H; and data not shown). In vivo BrdU labeling to identify
cells in mitotic S-phase revealed that the zones of induced
Pbx1 '~ mesenchyme correlated with high levels of prolif-
eration (Fig. 5E and F). These results suggest that loss of

Pbx1 does not affect mesenchymal survival but results in
the abnormal expansion of induced mesenchyme.

Mesenchymal deficiency in Pbx1 ™/~ kidneys
Disruption of Pbx1 function resulted in developmental

defects of both the ureter and metanephric mesenchyme. To
determine which component was directly affected by loss of
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Wnt-11

Pbxl_l-/-

Fig. 5. Markers of ureteric development and cell growth. (A-D) Expression of ureteric markers Wnt-11 (A, B) and c-ret (C, D) in E14.0 wt (A, C) and
Pbx1 '~ kidneys (B, D). Wht-11 expression was detected in the ureteric tips of both wt (arrow in A) and Pbx1 '~ kidneys (arrow in B). c-ret expression
in control kidneys was restricted to the ureteric tips (arrow in C), whereas ectopic expression of c-ret was present in ureteric branches and the ureteric stalk
(arrows in D) of Pbx1~/~ kidneys in addition to its expression at ureteric tips. (E, F) Comparison of BrdU-labeled cells between E14.5 wt (E) and Pbx1 ™/~
kidneys (F) revealed the predominance of proliferating cells in the expanded regions of induced mesenchyme of Pbx1 '~ kidneys (compare arrows in E and
F). (G, H) Appropriate expression of Pox1 in BMP-7~/~ kidneys and control littermates at E13.5.

Pbx1, heterologous recombination studies were conducted
with isolated ureter and metanephric mesenchyme. Both
epithelialization of the mesenchyme and branching of the
ureter occurred when E11.5 wt mesenchyme and ureter

were cocultured (Fig. 7A and B). Similarly, ureteric buds
isolated from Pbx1 ™/~ embryos cocultured with wild type
mesenchyme supported both ureteric branching and epithe-
lia transformation comparable to that observed using wt
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ureter (Fig. 7C and D). In contrast, coculture of Pbx1 ™/~
mesenchyme with wt ureter severely disrupted ureteric
branching and mesenchymal differentiation (Fig. 7E and F).
Therefore, Pbx1-associated defects in metanephric develop-
ment arise from mesenchymal dysfunction.

Discussion

The present study establishes afunction for Pbx1 in renal
organogenesis, thereby extending its role as a developmen-
tal regulator. During kidney development, Pbx1 expression
pervades in the metanephric mesenchyme, where its levels
distinguish the stromal (high expression) and tubular com-
partments (low expression). In a majority of Pbx1 mutants,
bilateral kidneys are formed abnormally, which exhibit de-
layed nephrogenesis and defects in ureteric branching. Our
observations support a role for Pbx1 in the regulation of
mesenchymal—epithelial inductive interactions that are crit-
ical for renal patterning and morphogenesis.

Pbx1 is critical for regulating mesenchymal function
during renal morphogenesis

The earliest metanephric phenotype detected with loss of
Pbx1 is unilateral kidney agenesis, but whether this results
from defectsin patterning of the urogenital axisis unknown.
We find that Pbx1 ™/~ nephric tissues are competent to
initiate kidney development since expression of genes es-
sential for metanephric induction, such as c-ret and Pax-2 in
the ureter and WT-1 in the metanephric blastema, is unper-
turbed in Pbx1 ™/~ embryos. In addition, ureteric function in
Pbx1 ™/~ embryos is uncompromised and can fully support
renal development in vitro with wild type mesenchyme.
Therefore, impaired differentiation of Pbx1 ™/~ kidneys is
not solely due to secondary effects of earlier stage urogen-
ital abnormalities.

During kidney morphogenesis, loss of Pbx1 leads to the
progressive reduction of kidney growth and differentiation.
We show that growth defects in Pbx1 ™/~ kidneys are not
attributed to an increase in apoptosis or a decrease in cel-
lular proliferation overall but are indicative of perturbations
in the reiterative developmental program. Pbx1 '~ kidneys
display adramatic reduction in ureteric branching, resulting
in the formation of a smaller collecting system. Although
branching remained dichotomous in Pbx1 ™/~ epithelia, the
pattern was abnormal with diminished ureteric elongation.
Pbx1 ™/~ embryos also exhibited defects in tubular differ-

entiation with few S-shaped bodies and glomeruli observed
in E15.0 mutant kidneys. Mesenchymal abnormalities were
characterized by an increase in condensates surrounding
ureteric tips, which were composed predominantly of pro-
liferating cells, aong with those undergoing aggregation.
Accumulation of cellsin atransitional, proliferative stage of
differentiation suggests that Pbx1 function may be crucia in
the nephrogenic mesenchyme prior to pretubular aggrega-
tion. Pbx1™/~ kidneys aso lacked the full complement of
stromain comparison to their wt counterparts, as evidenced
by staining with BF-2 and Pod-1. Since Pbx1~/~ kidneys
did not display increased cell death or impaired proliferation
of stromal cells, our findings suggest a role for Pbx1 in
mediating signaling pathways that are important for appro-
priate subdivision of the mesenchyme throughout kidney
morphogenesis.

In vitro, Pbx1 ™/~ mesenchyme displayed limited devel-
opmental potential in tissue recombination studies, whereas
Pbx1 ™'~ ureter was unaffected. In addition, Pbx1™'~ mes-
enchymal explants treated with LiCl, which €licits the early
stages of mesenchymal aggregation (Davies and Garrod,
1995), exhibited a similar capacity for mesenchymal con-
densation when compared with wt mesenchyme (C.A.S. and
M.L.C., unpublished observations). These findings demon-
strate that Pbx1 mutant mesenchyme is competent to initiate
epithelialization and suggest that Pbx1 activity is not re-
quired to promote early stage nephrogenesis. Taken to-
gether, our analysis clearly demonstrates that Pbx1 ™'~ renal
abnormalities arise from deficiencies in mesenchymal func-
tion that are required for differentiation of the nephrogenic
mesenchyme and stroma, and to regulate signaling path-
ways necessary for development of the collecting system.

Pbx1 deficiency phenotypically overlaps with loss of
stromal regulators

Pbx1 expression during renal development is associated
with mesenchymal populations, i.e., the stroma and neph-
rogenic mesenchyme, both of which mediate important
functions in rena development. Although inductive inter-
actions between the ureteric bud and metanephric mesen-
chyme were previously thought to be sufficient to induce
nephrogenesis and ureteric branching, a growing body of
evidence has revealed the importance of the stromal com-
partment as another signaling center (reviewed in Bard,
1996; Kuure et a., 2000). Regulation of nephrogenesis
through stromal cell signaling to the nephrogenic mesen-
chyme has been demonstrated by studies of GD3, BF-2, and

Fig. 6. Markers of mesenchymal differentiation. (A-D) Stromal cell differentiation was examined in E13.5 (A, B) and E14.5 (C, D) comparing wt (A, C)
and Pbx1~'~ kidneys (B, D). Patterns of BF-2 expression in stromal cell progenitors and Pod-1 expression in interstitial stromaand differentiating podocytes
were unaltered in Pbx1~/~ kidneys (arrows in B, D) when compared with control littermates (arrows in A, C). (E-J) Expression of markers of induced
mesenchyme, WT-1 (E-H) and Pax-2 (I, J), inwt (A, G, 1) and Pox1 ™/~ kidneys (F, H, J). (E-H) WT-1 expression was detected in induced mesenchyme
(arrows in E, F) and in differentiating podocytes of wt (E, G) and Pbx1~'~ kidneys (F, H). (I, J) Pax-2 expression was detected in the ureter and induced
mesenchyme of control (1) and Pbx1 ™/~ kidneys (J). Arrows indicate regions of induced mesenchyme in wild type kidneys (E, G, 1) that are expanded in

Pbx1~/~ kidneys (F, H, J).
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Fig. 7. Developmental potential of isolated Pbx1 ™/~ metanephric tissues in explant cultures. Ureteric and mesenchymal tissues were isolated from E11.5 wt
and Pbx1 ™/~ kidneys and grown in vitro. Cultures are shown at initial plating (A, C, E) and after 60 h in culture (B, D, F). (A, B) Wt ureter was recombined
with wt mesenchyme where nephrogenesis and ureteric branching were observed in five of six experiments. (C, D) Wt mesenchyme cocultured with Pbx1 /'~
ureter. In five of seven cultures, ureteric branching and epitheliaization occurred. (E, F) Pbx1 ™/~ mesenchyme was cocultured with wt ureter. The extent
of ureteric branching and mesenchymal induction was impaired in al of six experiments. In two cultures, the ureter was present but did not branch, and in
four experiments, the ureter had branched once or twice with limited mesenchymal induction seen in two cultures.

Pod-1, where loss or perturbation of stromal function re-
sulted in tubulogenic defects (Hatini et a., 1996; Quaggin et
al., 1999; Sariola et a., 1988). Signaling from the nephro-
genic mesenchyme to the stroma has been defined by ex-
plant studies with FGF-2 and BMP-7, where effects on
stromal cell expansion are mediated in part by BMP-7, a
ligand produced by nephrogenic mesenchyme (Dudley et
a., 1999). In addition, targeted disruption of the retinoic
acid receptors, RARa and RARb2, revealed that reciprocal
inductive interactions between the ureter and stroma are
required for stromal cell patterning and ureteric bud growth
(Batourina et al., 2001; Mendelsohn et al., 1999).

Our findingsindicate that regulation of stromal activity is
a critical component of Pbx1 function during rena devel-
opment. To a great extent, Pbx1 metanephric defects phe-
notypically overlap with loss of stromal regulators BF-2 and

Pod-1 (Hatini et al., 1996; Quaggin et al., 1999). Similar to
mice deficient for these transcriptional regulators, mesen-
chymal cells survive but nephron formation is reduced in
Pbx1 mutants as evidenced by few S-shaped bodies and
glomeruli detected at E15.0. In addition, Pbx1™'~ meta-
nephroi display an increase in the condensing mesenchyme
surrounding ureteric tips as is observed in BF-2 and Pod-1
mutants (Hatini et al., 1996; Quaggin et al., 1999). Another
common feature is the disruption in ureteric branching mor-
phogenesis and associated perturbations in c-ret expression
(Hatini et al., 1996; Quaggin et a., 1999). During normal
kidney development, c-ret expression becomes restricted to
ureteric tips in the subcapsular region after ureteric branch-
ing is initiated (Pachnis et al., 1993). In Pbx1 ™/~ kidneys,
c-ret expression is present in ureteric tips but is also inap-
propriately expressed in the ureteric stalk and branches. A
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similar feature is seen in BF-2 and Pod-1 mutants, which
display ectopic expression of c-ret in ureteric branches
(Hatini et al., 1996; Quaggin et al., 1999). Pertinent to these
observations, misexpression of c-ret throughout the ureteric
epithelia has been shown to inhibit ureteric growth and
branching in transgenic mice (Srinivas et a., 1999). Nota-
bly, BF-2 and Pod-1 expression is unperturbed in Pbx1 ™/~
kidneys. The similarity in phenotypes between Pbx1 ™/~ and
BF-2~/~ kidneys also prompted us to examine Pbx1 expres-
sionin BF-2~/~ embryos, which revealed that Pbx1 expres-
sion through various embryonic stages remained unchanged
(R. Levinson and E. Lai, unpublished observations). Taken
together, our results strongly suggest that disruption of Pbx1
impairs stromal cell function on pathways that are parallel
or downstream of BF-2 and Pod-1, respectively.

A requirement for retinoic acid receptor function in reg-
ulating stromal signals has also been demonstrated (Batou-
rina et a., 2001; Mendelsohn et al., 1999). Mutations in
RARa and RARDb2 dramatically impaired ureteric branching;
however, mesenchymal cell differentiation was not as se-
verely affected as in Pbox1 ™/~ embryos. Ureteric abnormal-
ities in RARab2-deficient mice were associated with down-
regulation of c-ret expression to undetectable levels in the
ureteric buds and reduced expression of a c-ret signaling
target, Wnt-11 (Mendelsohn et a., 1999; Pepicelli et a.,
1997). In contrast, Wnt-11 expression was maintained at
comparable levels as controls in the ureteric tips, and c-ret
was ectopically expressed in the ureteric stalk and branches,
of Pbx1 mutants. Moreover, whereas an abnormal thicken-
ing of the stromal layer was seen in RARab2™ kidneys,
stromal cell patterning was unperturbed in Pox1 ™/~ kidneys
aswell as in BF-2 and Pod-1 mutants (Hatini et a., 1996;
Mendelsohn et al., 1999; Quaggin et a., 1999). Thus, a-
though Pbx1-dependent pathways appear to overlap with
stromal regulators BF-2 and Pod-1, our results suggest that
Pbx1 function is likely to be independent of retinoid signal-
ing.
Metanephric defects directly attributable to loss of Pbx1
in the tubular population are less clear. Abnormalities in
ureteric branching and delayed nephron formation in
Pbx1 ™/~ kidneys can be accounted for by stromal cell
dysfunction; however, we cannot exclude that some of these
activities may be mediated through the nephrogenic mesen-
chyme. Therefore, nephrogenic defects could arise from
loss of a cell-autonomous function for Pbx1 in nephrogenic
mesenchyme that consequently impairs ureteric develop-
ment indirectly. However, loss of Pbx1 in the nephrogenic
mesenchyme does not lead to apparent exacerbation of
nephrogenic defects than would be predicted from stromal
insufficiency, suggesting that Pbx1 may not be a limiting
factor in these cells. Another possibility is that functional
redundancy results from other Pbx family members, which
are expressed in the metanephric mesenchyme (C.A.S. and
M.L.C., unpublished observations). Thus, our findings can-
not definitively exclude a requirement for Pbx1 activity in
the nephrogenic mesenchyme, and further studies are nec-

essary to elucidate Pbx1-dependent functions in the tubular
compartment.

Potential pathways regulated by Pbx1

During normal kidney development, Pbx1 expression in
the nephrogenic mesenchyme is decreased upon induction,
suggesting that down-regulation of Pbx1 promotes mesen-
chymal differentiation. Loss of Pbx1 in this case would be
predicted to cause an increase in tubulogenesis. However,
differentiation is inhibited in Pbx1 mutants with expanded
regions of mesenchymal condensates containing a prepon-
derance of cycling cells. These findings indicate that
Pbx1~/~ kidneys initiate nephrogenesis but exhibit sus-
tained proliferation of the mesenchyme without subsequent
differentiation. Recent studies by Dudley et al. propose that
stromal signals potentially mediate pathways opposing dif-
ferentiation (Dudley et a., 1999). Based on this assertion,
one possibility consistent with our resultsis that Pbx1 func-
tionsin stromal cellsto negatively regulate anti-tubulogenic
signals. Along these lines, loss of Pbx1 in the stroma would
lead to an increase in signals that antagonize tubulogenesis,
thereby preventing cells in the induced mesenchyme from
continued differentiation. Misregulation of signaling path-
ways that mediate tubulogenesis and conserve stromal pro-
genitors would also result in abnormal partitioning of the
mesenchyme at each point of induction. The implication of
these findings is that Pbx1 functions in the stroma to define
the boundary of induced mesenchyme and to coordinate
pathways of proliferation and differentiation in the meta-
nephric mesenchyme. Consistent with this notion, Pbx1
developmental expression is associated with proliferating cells
aswell as those undergoing terminal differentiation (Schnabel
et a., 2001). In addition, Pbx1 has been implicated in the
programming of chondrocyte proliferation with termind dif-
ferentiation during skeletogenesis (Sdlleri et al., 2001). Along
with the results presented here, recent advances in the under-
standing of Pbx1 function during mammalian embryogenesis
are indicative of its participation in numerous transcriptiona
pathways (DiMartino et a., 2001; Kim et d., 2002; Sdlleri et
a., 2001). In future work, it will be interesting to examine
Pbx1 expression in other loss-of-function modelsto potentialy
elucidate molecular interactions.
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