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Summary

The murine genome contains multiple genes with protein
domains homologous to the Drosophila paired box,
present in certain segmentation genes. At least one of
these murine paired box (Pax) genes is associated with a
developmental mutation. This report, in conjunction
with the accompanying paper, describes a second mem-
ber of this gene family, Pax2, that is also expressed
during embryogenesis. Two overlapping cDNA clones
were isolated and sequenced. At least two forms of the
Pax2 protein can be deduced from the cDNA sequence.
In addition to the highly conserved paired domain, an

octapeptide sequence is located downstream. Expression
of Pax2 is primarily restricted to the developing embryo
in the excretory and central nervous systems. The
transient nature of Pax2 expression during kidney or-
ganogenesis correlates with polarization and induction
of epithelial structures and may indicate an important
morphogenetic role for this gene.

Key words: paired box, Pax, kidney development, mouse
embryology.

Introduction

The identification and characterization of Drosophila
developmental mutations has helped to elucidate the
morphogenetic mechanisms of embryonic segmentation
and pattern formation (for reviews see Ingham, 1988;
Akam, 1987; Scott and Carroll, 1987). As an approach
to address genetic aspects of vertebrate development,
three different mouse gene families have been ident-
ified based on sequence similarities to certain Dros-
ophila homeotic and segmentation genes (for review
see Dressier and Gruss, 1988). The conservation of
protein domains among such highly divergent species
suggests a similarity of biochemical function that may
control common morphological processes, or alterna-
tively, may be adapted to more unique species-specific
events. Many vertebrate genes, with domains homolo-
gous to the Drosophila Antp-typt homeobox, have
been identified and much of the available evidence
suggests a developmental role for these genes (for
reviews see Wright et al. 1989; Holland and Hogan,
1988).

A second conserved protein domain, termed the

paired box, was discovered among the Drosophila
segmentation genes paired (prd), gooseberry-proximal
(gsb-p), and gooseberry-distal (gsb-d) (Bopp et al.
1986). The mouse genome also contains multiple
paired-box-containing genes, called Pax genes
(Dressier et al. 1988). A member of this gene family that
is expressed in segmented structures of the developing
vertebral column was recently described (Deutsch et al.
1988). Furthermore, there is sufficient evidence to
suggest that this gene, Paxl, is the mouse developmen-
tal mutation undulated (Balling et al. 1988). In undu-
lated mice, vertebral malformations occur presumably
because sclerotome cells either do not migrate and
resegment properly in their respective halves or the
differentiation of sclerotome cells into prevertebrae and
intervertebral disk anlagen is affected (Griineberg,
1954). Clearly, the evidence indicates that a mutation in
the paired box disrupts a specific morphogenetic event
during mouse development.

Since the mouse genome contains multiple copies of
the paired box, it is of interest to characterize other
members of the Pax gene family and determine if they
also are involved in developmental processes. This
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report, in conjuction with the accompanying paper
(Nornes et al. 1990), describes the identification, pri-
mary structure and developmental expression of Pax2.

Materials and methods

Screening of mouse cDNA libraries
After transfer to Hybond-N filters (Amersham), 8X105 clones
of a 12.5 days p.c. embryonic mouse AgtlO cDNA library
(Joyner and Martin, 1987) were hybridized under low-strin-
gency conditions (7xSSC, 60°C) with a 313 bp Hincll-Sacl
Paxl paired-box probe, labeled by random priming (Feinberg
and Vogelstein, 1983). The filters were washed three times in
2xSSC/0.2% SDS at 42°C. The cDNA clone c31A was
isolated by standard techniques.

The cDNA clone cPX was isolated from a 8.5 days p.c.
embryonic mouse AgtlO cDNA library (Fahrner et al. 1987) in
a low-stringency screen using a mixture of Paxl (313 bp
Hincll-Sacl fragment), Pax2 (574bp Notl-BamYU frag-
ment), and Pax3 (Deutsch, unpublished) paired-box probes
as described above.

DNA sequencing
The cDNA inserts were cloned into the plasmid vector
Bluescript (Stratagene Inc.) and mapped with various restric-
tion enzymes. Subfragments were cloned into M13 and
sequenced with the dideoxy method (Sanger et al. 1977). The
GC rich EcoRl-Notl fragment, spanning nucleotides 1—295,
was also sequenced with the method of Maxam and Gilbert
(1980).

RNA isolation from mouse tissue and embryos
Female NMRI outbred mice were mated overnight and the
day of the vaginal plug was noted as day 0. Embryos were
dissected free of extraembryonic tissue and frozen in liquid
nitrogen. RNA was isolated by homogenizing tissues and
embryos in guanidinium thiocyanate (Chirgwin et al. 1979)
and centrifugation through a 5.7 M CsCl, 25 mM sodium
acetate pH5.0 cushion in a Beckman SW41 rotor spun at
31000revmin"' for 22 h. Poly(A)+ RNAs were obtained by
retention on oligo(dT)-cellulose columns. Approximately
5 /Jg of the respective RNAs were electrophoresed through a
1% agarose, 3.7% formaldehyde gel in 20mM MOPS
(morpholine propane sulfonic acid) buffer. The RNA was
blotted onto gene screen plus membranes (New England
Nuclear) and hybridized with the 527 bp BamHl-EcoKl
fragment of c31A. The probe was labeled with the random
prime method of Feinberg and Vogelstein (1983). The mem-
branes were washed twice in 2xSSC, 1% SDS at 65CC and
twice in O.lxSSC, 1% SDS at 65°C.

In situ hybridization
The 527 bp BamHl-EcoRl fragments from clone c31A was
subcloned into the Bluescript vector (Stratagene) and the
resulting plasmid was linearized with restriction endonu-
clease. Single-stranded RNA probes were transcribed in vitro
using 100/<Ci 35S-UTP and T3 or T7 polymerases (Promega
Biotech.). After DNAse digestion, probes were precipitated
with 10 % trichloroacetic acid and collected on nitrocellulose
filters (Millipore). Probes were eluted from the filters in
20 mM EDTApH8.0, 0.1% SDS at 65°C. Following ethanol
precipitation, probes were partially degraded with 0.2 N
NaOH on ice for 30-60 min and neutralized with 1M acetic
acid. After ethanol precipitation, the probes were resus-
pended in 50% formamide, 10 mM DTT.

Sections were prepared and hybridized essentially as de-
scribed by Hogan et al. (1986) with modifications by Dony and
Gruss (1987). Sections were cut in a cryostat and transferred
onto subbed slides. The sections were dried at 55°C, fixed in
4% paraformaldehyde (PFA) and dehydrated in graded
ethanol. Slides were kept at —20°C until the day of hybridiz-
ation. Slides were dipped in phosphate-buffered saline (PBS)
and incubated at 70°C in 2xSSC (standard saline citrate).
After a second PBS rinse, slides were digested with
0.125mgml~' pronase for 10 min at room temperature and
the digestion was stopped in 0.2% glycine for 30 sec. Slides
were rinsed in PBS and refixed in 4% PFA for 20 min and
rinsed again in PBS. Slides were acetylated in 0.1 M triethano-
lamine with 1/400 volume acetic anhydride, made fresh.
Slides were rinsed again in PBS and dehydrated in graded
ethanol. After prolonged air drying, the hybridization mix-
ture was added. The probe was diluted to approximately
SxHT'ctsmin"1 ^l"1 in a buffer containing 50% formamide,
0.3 M NaCl, 10mM Tris, 10mM NaPO4 (pH6.8), 5mM EDTA,
lxDenhardts, 10% dextran sulphate, 10mM DTT, and
lmgml"1 tRNA. The hybridization mix was boiled for 2 min,
applied directly onto sections and covered with a siliconized
cover slip. Hybridzation was done overnight in a humid
chamber at 50°C. Washing was done for 3-4 h in 50%
formamide, 2xSSC at 37°C followed by RNAse digestion
(Ingham et al. 1985). A second wash in 50% formamide,
2xSSC was done overnight and the slides were then dehy-
drated in graded ethanol.

Slides were dipped in Kodak NTB-2 emulsion diluted 1:1
with water and allowed to dry in a dark chamber for 2-3 h.
Slides were placed in a dark plastic box, wrapped in foil, and
allowed to expose for 6-10 days. Development was done at
room temperature for 3 min in Kodak D-19, followed by 30 s
in 1 % acetic acid and 3 min in 30% sodium thiosulphate.
After repeated washes in distilled water, the slides were
stained with Giemsa and allowed to dry. Photomicrographs
were taken with a Leitz Labovert bright-field/dark-field
microscope.

Results

Structure of the Pax2 cDNAs
The two partially overlapping cDNA clones, corre-
sponding to the mouse Pax2 mRNA, are outlined in
Fig. 1. The clone c31A was isolated from a 12 day
embryonic cDNA library using the mouse Paxl paired
box as a probe, under low-stringency conditions. Sub-
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Fig. 1. The structure of Pax2 cDNAs. The two overlapping
Pax2 cDNAs are outlined. The paired domain is indicated
by a hatched box. The probe used for in situ hybridization
is indicated by an open box. Restriction sites are: B,
BamHl; E, EcoRl; H, Hindlll; N, Notl; P, Pstl.
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sequently, an 8.5 day embryonic cDNA library was
screened with a mixture of three murine paired box
probes under low-stringency and one additional Pax2
cDNA clone, cPX, was identified upon further DNA
sequencing. Together, the two cDNAs span 2623 bp of
the Pax2 mRNA. The complete nucleotide sequence of
the two overlapping cDNA clones is shown in Fig. 2.

The clone c31A does not have a poly(A)+ tract at its
3' end and, thus, may be the result of an internal
cleavage during the construction of the library. The
clone cPX does contain a stretch of 15 adenosine
residues at the 3' end; however, no AAUAAA poly-
adenylation signal (Proudfoot and Brownlee, 1976;

Fitzgerald and Shenk, 1981) is present. Thus, it is
unlikely that clone cPX represents the true 3' end of the
Pax2 mRNAs. A comparison of the overlapping region
between c31A and cPX revealed a gap of 69 nucleotides
in clone c31A between position 937 and 1005. Other-
wise, the two cDNA clones are completely colinear. It
is likely that this deletion represents an alternative
splicing pathway during Pax2 mRNA maturation.
Interestingly, this small deletion does not change the
reading frame of the coding sequence.

The Pax2 protein
The overlapping Pax2 cDNAs encode an open reading

360

MetAspMetHisCysLysAlaAspProPheSerAla 12

13 MetHlsArgHlsGlyGlyValAsnGlnLeuGlyGlyValPheValAsnGlyArgProLeuProAspValValArgGlnArglleValGlu 42

43 LeuAlaHisGlnGlyValArgProCysAspIleSerArgGlnLeuArgValSerHlaGlyCysValSerLysIleLeuGlyArgTyrTyr 72

73 GluThrGlySerlleLysProGlyVallleGlyGlySerLysProLysValAlaThrProLysValValAspLysIleAlaGluTyrLys 102

103 ArgGlnAsnProThrMetPheAlaTrpGluIleArgAlaGlnLeuLeuArgGluGlylleCysAspAsnAspThrValProSerValSer 132

133 SerlleAsnArgllelleArgThrLysValGlnGlnProPheHlsProThrProAspGlyAlaGlyThrGlyValThrAlaProGlyHls 162

163 ThrlleValProSerThrAlaSerProProValSerSerAlaSerAsnAspProValGlySerTyrSerlleAsnGlylleLeuGlylle 192

TGAGAAGAGGAAACGCGAGGAAGTCGAGGTATACACTGATCCTGCCCACATTAGAGGAGGTGGAGGTTTACATCTG 990
193 ProArgSerAsnGlyGluLysArgLysArgGluGluValGluValTyrThrAspProAlaHisIleArgGlyGlyGlyGlyLeuHisLeu 222

T

223 ValTrpThrLeuArgAspValSerGluGlySerValProAsnGlyAspSerGlnSerGlyValAspSerLeuArgLysHisLeuArgAla 252

253 AspThrPheThrGlnGlnGlnLeuGluAlaLeuAspArgValPheGluArgProSerTyrProAspValPheGlnAlaSerGluHialle 282

283 LysSerGluGlnGlyAsnGluTyrSerLeuProAlaLeuThrProGlyLeuAspGluValLysSerSerLeuSerAlaSerAlaAsnPro 312

313 GluLeuGlySerAsnValSerGlyThrGlnThrTyrProValValThrGlyArgAspMetThrSerThrThrLeuProGlyTyrProPro 342

343 HisLeuProProThrGlyGlnGlySerTyrProThrSerThrLeuAlaGlyMetValProGlySerGluPheSerGlyAsnProTyrSer 372

373 HisProGlnTyrThrAlaTyrAsnGluAlaTrpArgPheSerAsnProAlaLeuLeuSerSerProTyrTyrTyrSerAlaAlaProArg 4021531
403 SerAlaProAlaAlaArgAlaAlaAlaTyrAspArgHis

1621
1711
1801
1891
1981
2071
2161
2251
2341
2421
2511
2601 AGAGCCTCAAAAAAAAAAAAAAA

1620
415

1710
1800
1890
1980
2070
2160
2250
2340
2420
2510
2600

Fig. 2. The DNA sequence and conceptual amino acid sequence of the Pax2 gene. The paired domain is indicated with a
solid underline. The paired octapeptide is indicated with a dashed underline. The 5' and 3' borders of the 69 nuc. deletion in
clone c31A are indicated with triangles. The predicted amino acid sequence starts at nucleotide 325. Two additional potential
translational start sites are located at nucleotides 331 and 361.
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Fig. 3. Northern blot analysis of Pax2 transcripts in embryos and adult tissues. Approximately 5/<g of A+ RNA was
hybridized with the Pax2-specific probe (indicated in Fig. 1) and a c-ras probe. For the Pax2 probe, exposure times were 1
day for the embryonic RNAs and 7 days for the adult tissue RNAs.

frame of at least 415 amino acids that includes the
paired box domain. The paired domain, as underlined
in Fig. 2, begins with a histidine at amino acid position
14 and ends with a glutamine at position 144. This open
reading frame continues until a stop codon is encoun-
tered at amino acid position 416. The most 5' methion-
ine is encoded at nuc. 325, with a second methionine
codon at nuc. 331 and a third methionine codon at nuc.
361. At present, it has not been determined which of
these potential AUGs serves as a translational start site.
In addition, because the extremely GC-rich 5' leader
sequence does not contain any upstream stop codons, it
cannot be ruled out that the N-terminus of the Pax2
protein lies further upstream in a region not rep-
resented on the cDNAs.

Comparison of the Pax2 paired domain to that of
other paired domain proteins shows their high degree of
homology. As evident in previous analyses of these
sequences (Bopp et al. 1986; Deutsch et al. 1988; Burri
et al. 1989), the paired domain consists of a more highly
conserved /V-terminal domain and less stringently con-
served C-terminal domain. The first 74 amino acids of
Pax2 are most homologous to the mouse gene Paxl
(Deutsch et al. 1988), the human gene HuP48 (Burri et
al. 1989), and the Drosophila gene P29 (Burri et al.
1989). Overall, Pax2 is slightly more homologous to
Paxl, P29, and the human genes, with 69-72% amino
acid identity, compared to the Drosophila prd and gsb
genes, with 63-67% amino acid identity. A second
homologous region among paired-domain proteins,
termed the octapeptide, was recently noted by Bum et
al. (1989). In Pax2, an octapeptide is found between
amino acid positions 184-191. When compared to two

human and two Drosophila sequences, six out of the
eight amino acids match a consensus sequence and the
only two substitutions also appear in one of the Dros-
ophila gsb genes. There may be at least two variant
forms of the Pax2 protein. The clone c31A has spliced
out a small 69 nuc. exon, spanning nuc. 937-1005 and
present in the clone cPX. Thus, the corresponding
mRNA would encode a Pax2 protein with a 23 amino
acid deletion, as indicated in Fig. 2.

In a search for similarities to other known proteins,
the NBRF protein sequence databank (Genetics Com-
puter Group; Devereux et al. 1984) was screened with
the complete Pax2 sequence and the Pax2 sequence
minus the paired domain. The complete Pax2 protein is
22% identical, 41% similar, to human c-fos (van
Straaten et al. 1983) and 22 % identical, 40 % similar, to
mouse c-myc (Stanton et al. 1984), as determined by the
BestFit sequence alignment program (Genetics Com-
puter Group). Interestingly, the regions of similarity
between Pax2 and c-fos and Pax2 and c-myc are
different. These major sequence similarities are down-
stream of the paired domain.

Transcripts of Pax2 are primarily restricted to
embryogenesis
In order to determine the spatial and temporal ex-
pression analysis of Pax2 in embryonic and adult
tissues, Northern blotting and in situ hybridization was
done with a Pax2 specific probe downstream from the
paired box sequence (see Fig. 1), to eliminate potential
cross hybridization to other Pax genes. Initially,
poly(A)+ selected RNA was isolated from embryos
from day 10 to day 17 of gestation. Concurrently,
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poly(A)+ RNAs from various adult tissues were pre-
pared. As demonstrated in Fig. 3, transcripts corre-
sponding to the Pax2 gene can be detected during
embryogenesis. Two transcripts are detected in embry-
onic poly(A)+ RNAs, approximately 4.2 kb and a
4.7kb in size, that hybridize with a fragment from the
Pax2 cDNA clone. Using c-ras transcripts (Leon et al.
1987) for standardization, the relative peak of Pax2
transcript accumulation occurs at approximately 11
days gestation and decreases thereafter. The two Pax2
transcripts are expressed at near equimolar amounts in
all positive samples tested. In adult tissues, Pax2
transcripts could not be detected in the brain, heart,
liver, lung, spleen, ovary or testis, even after prolonged
exposure of Northern blots (Fig. 3). In kidney RNA, a
faint smear is visible after a prolonged 7 day exposure,
although this appears somewhat larger than the embry-
onic transcripts. In addition, Pax2 mRNA could not be
detected by in situ hybridization to adult kidneys or
adult spinal chord (data not shown). Thus, Pax2 gene
expression is primarily restricted to the developing
embryo.

The tissue-specific developmental expression pattern
of Pax2 was examined by in situ hybridization to
sections from mouse embryos, isolated at various devel-
opmental stages. The sections were hybridized with 35S-
UTP-labeled RNA probes corresponding to the sense
and antisense strands of a unique Pax2 cDNA frag-
ment. In addition, a mouse Hox 3.1 probe was used as a
positive control (Breier et al. 1988). In mesoderm-
derived tissues, Pax2 is expressed in the pronephric
tubules and extending nephric duct beginning at day 9.
There is no detectable expression in mesoderm cells
prior to extension of the Wolffian duct and formation of
the pronephros. Representative micrographs are shown
in Fig. 4 beginning at 10 days gestation. In the develop-
ing excretory system, Pax2 transcripts can be detected
at 10 days p.c. in the nephric cord and Wolffian duct
(Fig. 4A,B). At this time individual pronephric tubules
express Paxl transcripts, as seen in Fig. 4C,D. These
segmented embryonic excretory organs are derived
from the intermediate mesoderm, lateral to the somites
(for a description and review of pro-, meso- and
metanephric organogenesis see Saxen, 1987). However,
no /)ax2-specific hybridization is seen in mesoderm
prior to formation of the nephric cord and Wolffian duct
(data not shown).

The developing mesonephros also expresses Pax2
transcripts at 11 days gestation, as evident in Fig. 4E,F.
At this time and more posterior to the mesonephros,
the ureter has budded out from the Wolffian duct and
has reached the metanephric mesenchyme to begin
formation of the adult kidney. Part of the ureter is
shown in Fig. 4G,H and it also hybridizes with the Pax2
probe, whereas the surrounding mesenchyme cells do
not. Fig. 4I,J show a section through the first branching
of the ureter and the condensation of metanephric
mesenchyme cells around the branches. Both the
branched ureter and the mesenchymal condensations
express high levels of Pax2 transcripts.

At 12 days gestation, the ureter has branched repeat-

edly and sections through the metanephros reveal many
early mesenchymal condensations around the develop-
ing collecting ducts. Pax2 is expressed in the collecting
ducts as well as in the condensed mesenchyme cells
(Fig. 4K,L). It is of interest to note the absence of Pax2
expression in non-condensed mesenchyme cells. This is
demonstrated more clearly in Fig. 5. Cells of the
metanephric mesenchyme that have not condensed
around the branching collecting ducts do not appear to
express Pax2 (Fig. 5A-D). At later developmental
stages, Pax2 expression in the kidney declines
(Fig. 5E-H). Although still actively expressed in the
perimeter of the growing kidney at 14 and 17 days
gestation, more mature renal tubules in the interior are
expressing less Fo;c2-specific RNA. Thus, consistent
with the Northern blotting data, expression of Pax2
declines and can no longer be detected by in situ
hybridization in adult kidneys (data not shown).

Discussion

This report describes the isolation and characterization
of a novel paired-box-containing gene, Pax2, that is
expressed during development. Using a mouse Paxl
paired box probe (Deutsch et al. 1988), cDNA clones
containing a related paired box and spanning 2623 bp of
Pax2 mRNA sequence were isolated. These two over-
lapping cDNAs do not represent the complete Pax2
transcripts since Northern analysis reveals two mRNAs
of approximately 4.2 and 4.7 kb in length. Whether the
two Pax2 transcripts are generated by different tran-
scription initiation sites, polyadenylation sites, or by an
alternative splicing mechanism remains to be deter-
mined. In addition, it is unlikely that these two tran-
scripts represent a kidney-specific and a neural tube
specific mRNA because the relative molarity of the two
transcripts remains constant during gestation while
maximum levels of kidney expression and neural tube
expression (Nornes et al. 1990) do not coincide pre-
cisely. An alternatively spliced mRNA was found
among the cDNAs described; however, the extra 69
nuc. cannot account for the size difference seen be-
tween the two Pax2 transcripts. It is likely that multiple
forms of the Pax2 mRNAs exist that can encode
different forms of the paired domain protein.

At least two proteins, of 415 and 392 amino acids,
could be encoded if translation starts at the most 5'
AUG of clone c31A. Because there are no stop codons
5' to this AUG, the possibility that translation starts at
an upstream AUG not present in the clone c31A cannot
be ruled out. However, several observations suggest
either the first, second or third AUG, all located within
a 36 nucleotide stretch, is the translation start site. The
optimal sequence context for a eukaryotic translational
start site, as determined by Kozak (1987a), is
(GCC)GCC(A/G)CCAUGG. If a one nucleotide
space is allowed for, 9/13 nucleotides flanking the first
methionine are identical to this consensus sequence.
However, the sequence surrounding this first methion-
ine has a C at position —3, where normally A and G
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Fig. 4. Early expression of Pax2 in the developing excretory system. (A) Parasagittal section of 10 days p.c. embryo from
approximately the 10th to the 27th somite. Indicated are the coelom (c), the nephric cord (n) and the Wolffian duct (w),
magnification 40x. (B) Dark-field image of A. Note the continuous expression of Pax2 along the anterior-posterior axis.
(C) Pronephric tubules (p) at 10 days p.c, magnification lOOx. (D) Dark-field image of C. (E) Mesonephros (m) of 11 days
p.c. embryo, the Wolffian duct (w) is also indicated, magnification 100X. (F) Dark-field image of E. (G) The ureter (u)
budding from the Wolffian duct, magnification x200. (H) Dark-field image of G. (I) Section through the branched ureter
from an 11.5 days p.c. embryo showing mesenchymal condensations (me) around the ureter. (J) Dark-field image of I
showing Pax2 expression in the branched ureter and in mesenchymal condensations. (K) Section through the 12 days p.c.
metanephros showing the multiply branched ureter (u), which forms collecting ducts, and surrounding mesenchymal
condensations. L) Dark-field image of K; again, note the high levels of Pax2 expression in the branched ureter and in
mesenchymal aggregates surrounding the ureter.

predominate. This can be a critical substitution (Kozak,
1986) and may inhibit translational initiation. The
second and third methionine codons, located 2 and 13
amino acids downstream, respectively, both contain a
G at position - 3 , but the remaining flanking sequences
deviate more from the proposed consensus. Further-
more, the 5' leader sequence is extremely GC-rich,

approximately 73 %; this has been noted for many
naturally occurring long 5' leader sequences (Kozak,
19876). In general, the paired domain is near the
/V-terminus, located 18-30 amino acids from the ter-
minal methionine for the three Drosophila genes (Fri-
gerio et al. 1986; Baumgartner et al. 1987) and three
mouse genes (Deutsch and Grass; Goulding and Gruss;
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Fig. 5. Late expression of Pax2 in the developing metanephros. (A) Metanephros at 12 days p.c, magnification X100.
(B) Dark-field image of A, note the lack of expression in loose mesenchyme cells. (C) High magnification of 12 days p.c.
metanephros showing a transverse section through a collecting duct (c) and surrounding mesenchymal condensations (me),
magnification X200. (D) Dark-field image of C. Pax2 expression is restricted to collecting ducts and condensed mesenchyme.
(E) Metanephros at 14 days p.c, magnification xlOO. (F) Dark-field image of E showing Pax2 expression on the perimeter
of the growing kidney. (G) Metanephros at 17 days p.c, magnification x40. (H) Dark-field image of G; again, note the
absence of Pax2 expression in the interior of the cortex.

Walther and Gruss, unpublished) sequenced to date. In
addition, a new cDNA clone has recently been ident-
ified that extends more than 1000 bp downstream of the
3' end of clone cPX and contains an internal polyadeno-
sine stretch (Dressier, unpublished observation). This
would suggest that the Pax2 mRNA contains a 3'
untranslated sequence of at least 2 kb.

The conservation of the paired domain across diver-
gent species suggests a similarity of biochemical func-
tion. In Drosophila, the paired-box-containing genes
prd, gsb-p and gsb-d also contain a paired type homeo-
box (Frigerio et al. 1986; Baumgartner et al. 1987).
However, the homology of Pax2 to other paired domain
proteins is restricted to the paired domain and the
paired octapeptide, as Pax2 does not contain a paired-
type homeobox. Presently, the function of the paired
domain is not clear. Computer analysis reveals a poten-
tial helix-turn-helix motif in the C-terminal end of the
paired-box domain. However, there is no direct evi-
dence that this domain has DNA-binding activity or

that the Pax genes encode nuclear proteins. A computer
search also found some similarity to c-fos and c-myc,
approximately 21 % identical and 40 % similar. Pres-
ently, it is not clear if this similarity is significant.
Previously, the Pax2 locus was mapped to mouse
chromosome 7 (Dressier et al. 1988); however, fine
mapping of the locus is required before any known
mutations near Pax2 can be identified.

The expression of Pax2 correlates with distinct
morphological changes
Although the development of the metanephros is a
complex process, individual aspects of induction and
cellular interactions have been studied in great detail.
At 11 days gestation, development of the kidney begins
when the ureteric bud, an outgrowth from the posterior
Wolffian duct, meets the metanephric blastema, a
loosely organized mesenchymal tissue in the posterior
nephric cord. Shortly thereafter, a reciprocal induction
event occurs. The ureteric bud is induced to branch and
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the metanephric mesenchyme is induced to form epi-
thelial condensations around the branching ureter.
These mesenchymal condensates will eventually form
the S-shaped body and subsequently join the collecting
duct system. It is not suprising that the ureter expresses
the Pax2 gene, since the ureter is an outgrowth of the
Wolffian duct. However, it is of interest to note that
high levels of Pax2 transcripts can be detected in the
early condensations around the budding ureter,
whereas the more loosely organized mesenchyme cells
do not appear to express Pax2. Thus, the expression of
Pax2 correlates with induction and formation of early
metanephric epithelial condensations. At later develop-
mental stages (day 17), Pax2 expression declines in the
more developed glomerular crevices but continues to be
expressed near the perimeter of the growing kidney.
Because the kidney continues to grow after birth, the
faint Pax2 hybridization seen with adult kidney RNA
may reflect a very low amount of residual transcripts.

The induction of the mesenchymal blastema to form
early epithelial condensations requires cell contact with
cytoplasmic processes of the inducing tissues (Grob-
stein, 1957; Saxen and Lentonen, 1978). Using an in
vitro organ culture model, it has been shown that
antibodies against the gangliosides GD3 (Sariola et al.
1988) or the laminin A chain (Klein et al. 1988) disrupt
metanephric epithelium formation, indicating that
these molecules are involved in the interaction between
inducing and responding cells. Changes in gene ex-
pression after formation of the early epithelium include
the induction of the cell adhesion molecule uvomorulin
(Vestweber et al. 1985) as well as the basement mem-
brane glycoprotein laminin (Leivo et al. 1980; Ekblom
et al. 1980). Interstitial proteins expressed in the mesen-
chyme that are not found in metanephric epithelium
after induction include collagen type I and III (Ekblom
et al. 1981). However, the transduction of signals
received at the cell surface and the subsequent regu-
lation of gene expression in responding cells are mech-
anisms that remain to be characterized. The localization
of Pax2 transcripts in inducing ureteric epithelial cells,
the subsequent early activation of Pax2 transcripts in
responding mesenchyme cells and the transient nature
of Pax2 transcript accumulation may indicate that this
gene functions in the transduction pathway during cell
polarization and/or cell condensation.

In contrast to the Paxl and Pax2 genes, many murine
homeobox (Hox) genes are expressed in a region-
specific, rather than tissue-specific, manner along the
rostrocaudal axis (for review see Holland and Hogan,
1988), supporting the concept of positional specification
through the combinatorial effect of Hox gene ex-
pression. The Pax genes may be involved in more
specific aspects of morphogenesis, such as the migration
and differentiation of sclerotome subsets during ver-
tebral column development (Paxl) or metanephric
mesenchyme condensation and cell polarization (Pax2).
As discussed in detail in the accompanying report
(Nornes et al. 1990), Pax2 is also expressed during
neurogenesis in the hindbrain and spinal cord, the otic
vesicle and the optic cup. This biphasic expression

pattern in mesoderm- and ectoderm-derived tissues
may indicate multiple functions of the Pax2 proteins. In
fact, many Drosophila segmentation genes have neuro-
genic functions that are evident later during embryo-
genesis. Expression of the mouse gene Paxl, however,
is limited to segmented mesodermal structures and
cannot be detected in nervous tissue. Thus, the neuro-
genic aspect of Pax gene expression does not appear to
be a general principle. In any event, the two Pax genes
characterized to date are members of an entirely new
gene family whose expression pattern is distinctly dif-
ferent from that of murine homeobox genes and whose
function may involve the regulation of specific morpho-
genetic events.
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the Drosophila gooseberry clones, A. Joyner and G. Martin
for the cDNA library and R. Altschaffel for excellent pho-
tography. G. R. D. is a recipient of an Alexander von
Humboldt fellowship.
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