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Six1 is required for the early organogenesis of mammalian kidney
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SUMMARY

The murine Six gene family, homologous t®rosophila sine  metanephric mesenchyme. In contrastEyal expression
oculis (s0 which encodes a homeodomain transcription was unaffected in Six1”~ metanephric mesenchyme at
factor, is composed of six membersS{x1-6). Among the six ~ E10.5, indicating thatEyal may function upstream ofSix1.
members, only theSix2 gene has been previously shown to Moreover, our results show that both Eyal and Six1
be expressed early in kidney development, but its function expression in the metanephric mesenchyme is preserved in
is unknown. We have recently found that theSix1 gene is  Pax2’~ embryos at E10.5, further indicating that Pax2
also expressed in the kidney. In the developing kidne8ijx1  functions downstream ofEyaland Six1in the metanephric

is expressed in the uninduced metanephric mesenchyme at mesenchyme. Thus, the epistatic relationship between Pax,
E10.5 and in the induced mesenchyme around the ureteric Eya and Six genes in the metanephric mesenchyme during
bud at E11.5. At E17.5 to PO,Six1l expression became early kidney development is distinct from a genetic
restricted to a subpopulation of collecting tubule epithelial pathway elucidated in the Drosophila eye imaginal disc.
cells. To study its in vivo function, we have recently Finally, our results show that Eyal and Six1 genetically
generatedSix1 mutant mice. Loss ofSix1 leads to a failure  interact during mammalian kidney development, because
of ureteric bud invasion into the mesenchyme and most compound heterozygous embryos show hypoplastic
subsequent apoptosis of the mesenchyme. These resultskidneys. These analyses establish a role f@ix1 in the
indicate that Six1 plays an essential role in early kidney initial inductive step for metanephric development.
development. InSix1~kidney development, we have found

that Pax2, Six2and Salll expression was markedly reduced

in the metanephric mesenchyme at E10.5, indicating that Key words:SixJ, Kidney developmenEyal, Pax2 Six2 Salll,

Six1 is required for the expression of these genes in the Metanephric mesenchyme, Apoptosiginf Mouse

INTRODUCTION Vainio and Lin, 2002). However, it remains unclear which
genes determine the origin of the metanephric kidney and
The development of permanent kidney starts at aroundthich actual molecules control the establishment of
embryonic day (E) 11 in the mouse from the metanephrimetanephric mesenchyme.
mesenchyme and the ureteric bud, which both derive from the It has been shown that without the metanephric
intermediate mesoderm via inductive interactions betweemesenchyme, neither the collecting system nor the nephrons
both tissues (Lechner and Dressler, 1997; Kuure et al., 2008an form (Ashley and Mostofi, 1960). Thus, the formation
Schedl and Hastie, 2000). The ureteric bud is an epithelial tulzé a functional metanephric mesenchyme is required for
produced from the Wolffian duct and it invades thenormal renal development. Gene inactivation and in situ
metanephric mesenchyme or blastema. Once the bud and thybridization experiments have recently implicated several
mesenchyme meet, a series of reciprocal inductive events tatkkanscription factors in a role in mediating the formation of
place; as a result, the ureteric bud grows and branches ttee metanephric mesenchyme. Tikexcl gene, which
form the urinary collecting system, and the mesenchymencodes a winged helix protein, has been shown to play a role
proliferates and differentiates into nephrons. This interactivén positioning the mesenchyme, becausgdixc/-mice, the
process continues until a mature kidney is formed. Althougmetanephric mesenchymes form unusually far anteriorly,
it is still unclear whether the metanephric mesenchymevhich causes the ureter to grow too anteriorly or to form more
initiates organogenesis by inducing the formation of theéhan one ureter (Kume et al., 2000). The homeobox gene
ureteric bud, or whether the initial signals derive from theLiml is expressed in the intermediate mesoderm from its
Wolffian duct before budding the ureteric bud, recent genetimception and has been shown to be required for all kidneys
and molecular studies have indicated that the metanephr{@sang et al., 2000). The paired box g&a&2is expressed
mesenchyme might be specified first and that a mesenchymal the intermediate mesoderm from E8.5 and in the
signal might promote ureteric bud formation (reviewed bymetanephric mesenchyme, Wolffian duct and ureteric bud at
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E10.5 (Torres et al., 1995Pax2”’~ mice fail to form any Similarly, we have recently found th&ix1is also expressed
kidneys and there is no ureteric bud, although thén the metanephric mesenchyme before and after induction.
metanephric mesenchyme can be observed morphologicaljowever, the function of Six genes during kidney development
(Torres et al., 1995; Brophy et al., 2001). Recent studies havms not been established.
shown that the absence Rdx2causessdnfexpression to be We have recently generat&iix1 null mutant mice and the
lost from the metanephric mesenchyme, Bad2regulates mice die at birth because of malformations in several organs
Gdnf transcription in vitro (Brophy et al., 2001). The eyes(Xu et al., 2002; Laclef et al., 2003). We have now examined
absent 1 Eyal) gene, which encodes a transcriptionalthe role of Six1 during early kidney developmen8ix1 is
coactivator, is only expressed in the metanephriexpressed in the uninduced and induced metanephric
mesenchyme anBlyal’~ mice show renal agenesis and theirmesenchyme an8ixt/~ embryos lack kidneys because of a
posterior intermediate mesoderm fails to produce Gdnf (Xfailure of metanephric induction. Our analyses show that the
et al., 1999; Buller et al., 20013all1, which encodes a zinc epistatic relationship between Pax, Eya and Six in the
finger protein, is also expressed in the metanephrimetanephric mesenchyme during early kidney development is
mesenchyme an&alll’~ mice show the failure of tubule distinct from a genetic pathway elucidated in Bresophila
formation because of the incomplete ureteric bud outgrowthye imaginal disc. Furthermore, our results show &t is
(Nishinakamura et al., 2001). The transcription factor Wtl islso required for the expression 8fx2 and Salll in the
first expressed in the metanephric mesenchyme befometanephric mesenchyme. These analyses indicat@akat
induction, and inWtl-knockout mice the ureteric bud fails Eyal, Six], Six2andSalllfunction in a molecular and genetic
to grow out of the Wolffian duct and the metanephricpathway during early kidney development, suggesting a role
mesenchyme subsequently apoptoses, leading to a complébe Six1in the establishment of the inductive capacity of the
failure of kidney development (Kreidberg et al., 1993).metanephric mesenchyme.
However, how these regulatory genes function and whether
they interact during early metanephric induction is unclear.
In addition, the molecular pathway controlling the formationMATERIALS AND METHODS
of metanephric mesenchyme is not established.

The glial-derived neurotrophic factor (Gdnf) has beenAnimals and genotyping
identified as a mesenchyme-derived signal that acts on thée Six1 null mutant allele was created by replacement of the
receptor tyrosine kinase (Ret) and @ffrcoreceptor which are endogenous start codon as well as the exon 1 with a promoterless
distributed in the ureteric epithelium and induces it to produce€oli ATG-lacZ-poly(A) cassette and tHeGK-neogene (Laclef et al.,
a ureteric bud which invades the metanephric mesenchyn?@03). Mutant mice carryingSixl mutant allele, Six12¢Z, were
(Snio e al, 1997; Saarma and Sariola, 1999). Indeed, the rfilaes, 13N Sere, eing, ooy soe
umrg{:tz?i? t()):fjdglﬁt;rlz\?vtt%ngsiﬁﬂihsgrz\;vestlr;ll.l,aaggz;umggsg gtf almutant alleles oEyal and Six1 (Six12c%). Mice heterozygous for a

2 ) ) targeted disruption of thEyal or Pax2 gene were intercrossed to
1996; Pichel et al., 1996; Sanchez et al., 1996; Cacalano et ggquce embryos of all three possible genotypes, respectively.

1998) DeSpIte the |mp0rtance Of Gdnf and Its receptors C'RetGenotyping of mice and embryos was performed as described
and Gfol as inductive signals in early kidney morphogenesis(Torres et al., 1995; Xu et al., 1999; Xu et al., 2002).

exactly how this signal transduction pathway regulates the o S

development of the ureteric bud and the mechanismBhenotype analyses and in situ hybridization

controlling the expression @dnfin the mesenchyme are not Embryos for histology and in situ hybridization were dissected out in

well understood. PBS and fixed with 4% paraformaldehyde at 4°C overnight.

The Six1aene is homologous Drosophila sine oculi¢so Embryonic mgmbranes were saved in DNA. isolation buffer for
gene, an gearly regulato? foDrosopﬁila eye formgstign genotyping. Histology was performed as described (Xu et al., 1999).

. ; To visualizeSix1acZ expression, mutant embryos were stained with
(Cheyette et al.,, 1994; Serikaku and O’'Tousa, 1994). "9(-ga| and sectioned ag described (Xu et al., )éOOZ).

Drosophila sofunctions synergistically with the flyax6gene For in situ hybridization, we used four wild type or mutant embryos

eyelesgey), eyes abser(eyd anddachshunddag) to regulate  at each stage for each probe as described (Xu et al., 1997a).
the eye morphogenesis (reviewed by Treisman, 1999). The

mammalian Six gene family consists of six memb8&ig1-§  TUNEL analysis

which share two highly conserved domains, a homeodomalie performed TUNEL assay for detecting apoptotic cell death using
(HD) and a specific Six-domain (SD) crucial for protein-the ApopTag detection kit (Intergen). We used six wild type or mutant
protein interaction (Kawakami et al., 1996; Chen et al., 19978mbryos for this assay.

Pignoni et al., 1997). Besides the eye, the Six genes are widely

coexpressed with Pax, Eya and Dach (the mammalian

Dachshundl genes in many tissues during mammalianRESULTS

organogenesis, suggesting possible interaction between their _ )

gene products and the existence of a conservedEfasix  Six1 is required for kidney development

regulatory hierarchy (Oliver et al., 1995a; Oliver et al., 1995bSix1is strongly expressed in the metanephric mesenchyme and
Xu et al., 1997a; Xu et al., 1997b; Xu et al., 1999; Xu et al.its expression was not detected in the Wolffian duct or the
2002). In early mammalian kidney developmeSBix2 is  ureteric bud epithelium at E10.5 (Fig. 1A). To further confirm
expressed in the metanephric mesenchyme before and after observation, we next determined the expressio8ixit
induction of kidney organogenesis and its expression in thesing X-gal staining for Six1acZ X-gal staining of
metanephric mesenchymelgal-dependent (Xu et al., 1999). heterozygouSix1acZembryos at E10.5 recapitulated Biel-
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Fig. 1. Expression oSix1during
kidney development analyzed by in
situ and X-gal staining of
heterozygousix1acZ embryos for the
Six1acZ allele. (A) In situ
hybridization showingsix1expressior
in metanephric mesenchyme (mm)
E10.5. (B) X-gal staining dBix1acZ
heterozygous embryos showing strc
Six1acZexpression at E10.5, similar
that observed by in situ hybridizatiol
(A). (C) At E11.5,Six1is expressed il
the induced mesenchyme (mm) aro
the ureteric bud epithelium (ur).

(D) X-gal staining of E17.5ix1acZ
heterozygous kidneys showigx1acZ
expression in collecting tubules
(arrow).Six1acZ s also expressed in
the muscles surrounding the ureter
(ur). (E,F) Transverse sections of X-gal-staiSexdiacZ heterozygous kidneys at E17.5 revealed thaStk#2cZ-expressing cells are localized
in the collecting tubules (arrows). F is higher magnification of the boxed area in E. p, renal pelvis; wd, Wolffian duct.

expression pattern obtained by RNA in situ hybridizati Six1+/- Six1-/-
studies (Fig. 1B). At E11.5, strong X-gal staining was obsen . a _

in the induced mesenchyme around the ureteric bud (Fig. :
From E13.5 to P0OSix1expression in the developing kidne
was observed in the metanephric tubules as detected by >
staining (Fig. 1D and data not shown). Histological sections =
X-gal stained E17.5 kidneys revealed that lheZ-positive
cells are localized in the collecting tubules (Fig. 1E,F).
study whetherSix1 plays any role during the formation o
kidney, we next examined the kidney developmerixi'-
mice. Among the 40Sixt’- (Six1acZ1ach newborn mice
analyzed so far, 39 animals showed renal agenesis (97.!
Only one animal showed severely hypoplastic or dyspla:
kidney rudiments on both sides (data not shown). Other or¢
that are derived from the embryonic urogenital intermedi
mesoderm, including the pro- and mesonephros, the adr
glands and the genital tracts, appeared normal (Fig. 2A-D
data not shown). Histological examination Qik1/~ mice at
E12.5, when metanephric kidney forms, demonstrated
presence of a Wolffian duct and sometime the ureter-| #
structure (Fig. 2B,D).

To determine whetheBix1 plays a direct role in early
metanephric induction, we next analyzed the kidn
development irSixt’- embryos at E10.5-11.5. At E11.5, th &
ureteric bud invades into the metanephric mesenchyme ( §
2E) and subsequent reciprocal interaction between these

Fig. 2. Kidney development i®ix1-deficient mice.

(A-D) Metanephros (mt) iSix1- (A,C) andSix1’~ (B,D) mice at
E12.5. Kidneys are absentSixt/~mice (*), but ureter (ur) was
observed in the left primordium (D). The genital tracts appeared to
be normal both in males and females. (Eixt~ embryos of
E11.5, ureteric bud (ub) grows out from Wolffian duct and invades
the mesenchyme and the metanephric mesenchyme (mm) are
condensed around the bulging ureteric bud. (Bixi’-embryos,
although the ureteric buds grow out from Wolffian ducts, they fail to

invade the mesenchyme (arrows) completely. (G-J) TUNEL analysis' =

of metanephros iBix1"~ andSixt’-embryos at E11.5. Note the "% -y
apoptotic cells were markedly increase®irI’~ metanephric ”:f f e
mesenchyme (arrows). g, gonad; wd, Wolffian duct. VW S
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tissues leads to the development of a metanephric kid
In  SixX’~ embryos, the metanephric mesenchyi
morphologically distinct from the surrounding mesenchy;
has formed, albeit reduced in size (Fig. 2F). The ureteric
also formed but failed to invade the metanephric mesench
completely inSixt’~ embryos at E11.5 (Fig. 2F). Subseque
mesenchymal condensation and ureteric branching within
mesenchyme did not occur on either side (100%20). By

TUNEL analysis, apoptotic cells were increased in
mesenchyme o08ix1I’~ embryos at E11.5 (Fig. 2G-J). Thu
loss ofSix1leads to a failure of ureteric bud invasion into t
mesenchyme and subsequent apoptosis of the mesenct
These results indicate th&tx1 plays an essential role durin
early kidney morphogenesis.

Six1 is required for the expression of  Pax2 and Six2
in the metanephric mesenchyme

To determine the molecular defects in early kidn
development o8ix1/~animals, we first examined whether tt
expression of the Pax and Eya gene families depends |
Six1 Studies irDrosophilaindicate thakeyais epistatic teso
and both genes reside within the same genetic and mole:
pathway downstream of tlRax6geneey(Halder et al., 1998).
In the kidneyPax2 EyalandSixlexpression overlaps in thi
metanephric mesenchyme and all three mutants lack kic
formation (Torres et al., 1995; Xu et al., 1999). To determ
whether theDrosophila PaxEyaSix regulatory hierarchy is
conserved during mammalian kidney development,
analyzed whether the expression Re#x2 or Eyalis Sixl
independent. The paired box gePax2is normally expressec
in the intermediate mesoderm before the formation oFig. 3.Sixlis required for the expression@éx2andSix2but not
metanephric mesenchyme, in uninduced and induceBlyalin the metanephric mesenchyme (mm) at E10.5. (&RdXRis
metanephric mesenchyme, Wolffian duct and ureteric®ormally expressed in the intermediate mesoderm (A,B), the
epithelium (Torres et al., 1995; Brophy et al., 2001)Sibm‘/‘ metaqephrjc m.esenchyme.before and after inductiqn and in thfe
embryos, no significant difference Bax2 expression in the Ureteric epithelium (ub). I8ixT’~embryos, however, its expression
intermediate mesoderm, Wolffian duct and ureteric epitheliurfg the metanephric mesenchyme at E10.5 is undetectable (arrows in
was observed at E9.0-10.5 (Fig. 3A-D). HowevBax2 ). (E,F)Eyalis expressed in the metanephric mesenchyme before

; L . and after induction and its expression is not affecte@bifr’~
expression was absent frddix '~ metanephric mesenchyme mesenchyme at E10.5. (G,Bjx2is also expressed in the

at E10.5 (arrows, Fig. 3DEyalis normally expressed in the metanephric mesenchyme before and after induction and its
metanephric mesenchyme before and after induction (Xu ekpression is undetectableSixt'-mesenchyme at E10.5 (arrows).
al., 1999). IrSix1’~embryos at E10.5, the expressiorEghal

in the metanephric mesenchyme was observed at normal levels
(Fig. 3E,F). Because recent studies demonstratedPte o . , .
expression in the uninduced mesenchyme is independent €¢I is also required for the expression of  Sall1 in
induction by the ureteric bud (Brophy et al., 2001), theséhe metanephric mesenchyme
results indicate thaixlis required for the expressionfdx2  We next analyzed the expression of several other well-
but not Eyal in the metanephric mesenchyme beforecharacterized molecular markers in metanephric mesenchyme
induction. at E10.5 and 11.8mp4 a member of th@gf superfamily

Six2 another member of the Six gene family, is alsoof secreted signals, is expressed in the mesenchymal cells
expressed in the uninduced and induced metanephrirrounding the Wolffian duct and ureteric stalk (Fig. 4A) and
mesenchyme (Fig. 3G), and its expression was unaffected iras been implicated in regulating ureteric bud growth and
the mesenchyme dPax2’- embryos (Torres et al., 1995). branching (Miyazaki et al., 2000; Raatikainen-Ahokas et al.,
To address whethe8ix2 functions redundantly witlsix1in 2000). Bmp4~ mutant mice show kidney defects that are
the mesenchyme during early kidney development, weaused by the misregulated development of the ureteric bud
analyzed the expression @ix2 in SixI’~ metanephric (Miyazaki et al., 2000). Bmp4 protein has also been shown to
mesenchyme at E10.5-11.5. Interestingly, the expressiorgulate genes that are expressed by both the ureteric bud and
of Six2 in the metanephric mesenchyme was markedlghe mesenchyme, includir@dnfin organ culture (Miyazaki et
reduced in Sixt’~ embryos at E10.5-11.5 (Fig. 3H), al., 2000; Raatikainen-Ahokas et al., 2000). No significant
indicating thatSix1is required for normal expression ®ix2  difference oBmp4expression was observed between wild type
in the metanephric mesenchyme during early kidneyandSixI’~mesenchyme at E10.5 (Fig. 4A,B), indicating that
development. Six1is not required for the expression Bmp4during early
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the metanephric mesenchyme and ureteric epithelium and its
expression level was unaffected in both structureSixt’-
embryos at E10.5 (Fig. 4C,D). However, its expression domain
in SixX’~ metanephric mesenchyme is reduced in size (Fig.
4D). Wtlis expressed in the metanephric mesenchyme and its
absence leads to failure of mesenchymal induction (Kreidberg
etal., 1993). In E10.SixI~embryos, although the expression
level of Wtl in the mesenchyme is normal, its expression
domain became smaller than that in wild-type embryos (Fig.
4E,F).Salll, which encodes a zinc finger protein, is expressed
in the kidney mesenchyme (Fig. 4G) and its inactivation in
mice leads to incomplete ureteric bud growth and failure of
tubule formation (Nishinakamura et al., 2001), similar to that
seen inSixI’~ animals. InterestinglySalll expression in
Six1’~ metanephric mesenchyme was reduced to background
level at E10.5-11.5 (arrows, Fig. 4H), indicating ti&atll1
expression in the mesenchymeSigl-dependent.

Gdnf has been shown to act as a mesenchymal signal
regulating ureteric bud outgrowth through its receptors c-Ret and
Gfral expressed in the ureteric epithelium (Vega et al., 1996;
Sainio et al., 1997). The null embryosGdnflack induction of
the ureteric bud, resulting in the complete absence of the
metanephric kidney, and Gdnf-soaked beads can ectopically
induce budding of the ureter from the Wolffian duct (Pichel et
al., 1996; Sainio et al., 1997). No significant differenc&aif
expression level in the metanephric mesenchyme was observed
between wild type an®ixt’~ embryos at E10.5 (Fig. 4l,J).
However, its expression domain is also reduced in size when
compared to that in wild-type embryos (arrows in Fig. 4J). This
result is consistent with the observation that the ureteric bud
outgrows from Wolffian duct, but fails to invade mesenchyme
completely inSixt’~embryos (Fig. 2). In summary, our results
show thatSix1is required for the expression B&x2 Six2and
Salllin the mesenchyme at E10.5-11.5. In addition, our data
show thatSix1linactivation led to size reduction Bimp7 Wtl
andGdnfexpression domains in the mesenchyme.

Our results also show that bd®#ax2and Bmp7expression
Fig. 4.Six1is required for the expression 8all1in the metanephric  in the ureteric epithelium was unaffectedSixt’/~ embryos

mesenchyme (mm). (A,BJmp4is normally expressed in the (Fig. 3C,D and Fig. 4C,D). To determine whether the failure
mesenchyme around the ureteric stalk (ub) and its expression was @fft kidney development irBixt’~ mice is also caused by a
affected inSix1/-embryos at E10.5. (C,[Bmp7is normally defect in the ureteric epithelium, we next examined several

expressed in the ureteric bud (ub) and metanephric mesenchyme ato

E10.5 and its expression levels are normal in both structures in ther epithelial factors that are known to be important for early

SixI’~embryos at E10.5. However, its expression domain is reduceéfldney formation, including .C'Ret’ @it and L'ml' Our .
in size inSix- metanephric mesenchyme (D). (EyLis widely results show that the expression of these markers in the ureteric

expressed in the mesenchyme and urogenital ridge region during bud epithelium was also unaffected in the absen&exd{data

kidney development and its expression level is not affect&ikir/~ not shown).

embryos at E10.5. However, its expression domain in the ) o )
metanephric mesenchyme also appears to be reduced in size in E1&%al, Six1 and Salll expression in the metanephric
SixI’~embryos. (G,HBalllis expressed in the metanephric mesenchyme is Pax2-independent

mesenchyme before and after induction, however its expression wagg further clarify the genetic relationship between,F&ya,

undetectable in the mesenchymeint/~embryos at E10.5 ix andSalll in the metanephric mesenchyme during early
(arrows). (1,J)Gdnfis expressed in the metanephric mesenchyme an

its expression levels are normalSixt’~embryos at E10.5.
However, its expression domain appears to be reduced in size in
SixT’~embryos at E10.5 (arrows).

idney development, we next examined the expression of
Sall1, EyalandSix1lin Pax2’-embryosPax2mutant mice do

not have a ureteric bud, however the metanephric mesenchyme
can be observed morphologically (Torres et al., 1995; Brophy
et al., 2001). As shown in Fig. 5, the expression levels of all
kidney developmentBmp7 another member of th@gf3  three genes in the metanephric mesenchyme were unaffected
superfamily, has been proposed to function as a survival signal Pax2’~ embryos at E10.5. This result is consistent with
that prevents mesenchymal cells from undergoing apoptosgevious observation th&ix2expression was also unaffected
during kidney development (Dudley et al., 1999; Reddi, 2000n Pax2’~ mesenchyme at E10.5 (Torres et al., 1995). In
Al-Awgati and Oliver, 2002)Bmp7is normally expressed in addition, similar to the expression 8ix2in Eyat’- embryos
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at E10.5 (Xu et al., 1999%ix1expression was also reduced to mesenchyme in the developing kidney dfghl and Six1
background level iEyat’-mesenchyme at E10.5 (Fig. 5G,H). physically interact in vitro and in cultured cells (Buller et al.,
These results together with previous observations furthe2001), to further test whether these genes interact in a
indicate thattEyal Six1and Six2 function upstream oPax2  molecular pathway during mammalian kidney development,
in the metanephric mesenchyme during early kidnewe examined the kidneys of newborn compound heterozygotes
development. Therefore, the genetic relationship between these Eyal*-/Six1*~ (Table 1 and Fig. 6). On 129 background,
genes in the metanephric mesenchyme before induction diffet$ of 21 (15/21) compound heterozygous mice had smaller

from that observed iDrosophilaeye imaginal disc. than normal kidneys (Table 1 and Fig. 6A). Hypoplastic

] ) ) ) ) kidneys were either unilateral (6/15) or bilateral (9/15). In
Eyal and Six1 genetically interact during kidney severe cases, complete absence of the kidney (agenesis) was
development observed (28.6%). Similar observation was obtained in

BecausdcyalandSixlexpression overlaps in the metanephricC57BL6 background (Table 1). Renal agenesis was either
unilateral or bilateral (Table 1 and Fig. 6B-D). In some
compound heterozygous animals that show renal agenesis,

419 Pax2-/- ureters that end blindly were observed (arrow, Fig. 6B,C). In
E contrast, each single heterozygote alone had no or mild kidney

abnormalities (Table 1). These data suggest that there is a

genetic interaction betwedtyalandSix1during mammalian

kidney development.

To analyze the developmental basis of the renal hypoplasia
associated witfEya1-/Six1- heterozygotes, we compared
histological sections ofEyal*-/SixI*~ heterozygous and
control kidneys at various stages. Transverse or longitudinal
sections of E17.5Eyal”/SixI*~ hypoplastic kidneys
confirmed that the volume of the renal parenchyma is reduced
and there are fewer nephrons, but that normal developing
structures are present (Fig. 6E,F). $ixI*~ kidneys, the
differentiating metanephric cap tissues (vesicles) in the
peripheral nephrogenic zone, in which ureteric bud branching
and induction of new nephrons takes place, are
morphologically apparent (arrow, lower panel of Fig. 6E).
However, in the hypoplasti€yal”-/SixI"~ kidneys, the
differentiating metanephric vesicles in the peripheral
nephrogenic zone were largely reduced in number (arrow,
lower panel of Fig. 6F). Therefore, the reduction of nephrons
in the hypoplastic kidneys may result from a reduced induction
between the ureteric bud and the metanephric cap tissue in the

Table 1. Kidney abnormalities in newborn compound
heterozygotes oEyaland Six1

Small
Genotype n kidney No kidney
Wild type 129 13 0 0
Eyal”-129 17 3+ 0
Six17-129 19 Z One bilateral
Eyal*-/Six1"-129 21 15 Five bilateral, one unilateral
Wild type C57BL6 16 0 One unilateral
Eyal*-C57BL6 13 B 0
Six1- C57BL6 12 0 0
Eyal*-/Six1"- C57BL6 14 16 Four unilateral
Fig. 5.Sall1, EyalandSixlexpression is not affected Rax2/~ n, number of animals ) , _
metanephric mesenchyme (mm). (AR)lI1is expressed in the *ThreeEyal”- 129 animals showed unilaterally smaller kidney with

: ; [P ; reduction of ~10% in weight.
metanephric mesenchyme and its expression is not affected in TTwo SixI"~ 129 animals showed smaller kidneys on one side, with

Pax2"- megenchyme at E10.5. (FZ,E}'alis gxpresseq in the _ reduction of ~10-15% in weight.

metanephric mesenchyme and_lts_expressmn Ie_vel is unaffected N tFifeenEyalSix1129 compound heterozygotes showed small kidneys
Pax2’-embryos at E10.5. (E,Bix1is expressed in the metanephric either bilaterally ¢=9) or unilaterally =6), with reduction of ~75-22% in
mesenchyme and its expression level is also unaffecteakir~ weight.

embryos at E10.5. (G,H) Howev&ixlexpression ireyat’~ SOneEyal"~ C57BL6 animal showed smaller kidney on one side, with
mesenchyme is significantly reduced when compared to that in wildreduction of ~15% in weight.

type embryos at E10.5. Its expression in the limb bud and somites is "TenEyal/Six1C57BL6 compound heterozygotes showed small kidneys

also significantly reduced. Six homozygous embryos were used for either unilaterally {=6) or bilaterally (\:_4). Weight reduction was from 20 to
each probe 30%, less severe than that observed in 129 background.
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peripheral nephrogenic zone. To analyze the onset of the
phenotype during development, we analyzed the kidneys at
earlier stages. Although the first stages of metanephric kidney
development, including evagination of the ureteric bud and its
initial branching between E10.5 and 12.5 appeared to occur
normally in allEyal"~/Six1"~ embryos (=12), a reduction in

the number of ureteric bud branches was first observed at E13.5
(Fig. 6G,H). Taken together, the results suggest that kidney
hypoplasia observed iByal”-/SixI"~ animals resulted from
abnormal nephrogenesis during late stages of embryogenesis.

Six1~- metanephric mesenchyme is incompetent for
tubulogenesis in organ culture

To further demonstrate that kidney development is arrested at
the initial step inSixI’~ embryos, kidney rudiments were
isolated fromSix1’/~ embryos at E11.0 and cultured in vitro.
Five days after culture, all wild type or heterozygous rudiments
developed into a fully branched kidney structure showing
strongPax2expressionr=5 andn=10, respectively; Fig. 7A).

In contrastSix1/~ kidney rudiments formed no kidneys=6,

Fig. 7B). We next examined whetHgix1mutant mesenchyme
could respond to inductive signals by culturing E13ibat"~
mesenchyme with wild type or heterozygous spinal cord. Five
days after culture, 100% (11/11) of tBexI”— mesenchymal
cultures exhibited characteristic tubules showbag2 mRNA
expression (Fig. 7C). In contrast, none of tB&x1/~
mesenchymes (0/6) exhibited any sign of tubule formation
(Fig. 7D). TheSix1’~ mesenchyme left in the cultures showed
no expression ofPax2 (arrow, Fig. 7D). Pax2 mRNA

Six1+/- Sfx?-/-__

Fig. 6. Renal hypoplasia or agenesisEpal/Sixldouble
heterozygous animals. (A-D) E17.5 wild ty|$éx1- or
Eyal”-/SixI"-kidneys. Samples shown in A, C and D were X-gal
stained forSixJacZand it is expressed in the testis (t) and muscles
surrounding the ureters and kidneys (Byal-/Six1*~animals
show either smaller kidneys bilaterally (A), a small kidney on one
side and no kidney on the other side (B), or complete absence of
kidneys (C,D). In somgyal*/SixI"~ animals that show renal
agenesis, ureters that end blindly are observed (arrow in B,C).
Adrenal glands and the genital tracts appeared to be normal in all Fig. 7. SixImutant mesenchyme is unresponsive to induction.
compound heterozygous animals analyzed so far. (E,F) Histological(A) E11.0Six1"~ kidney rudiments cultured for 5 days and stained
analysis of kidneys of E17Six1*~andEyal*-/SixI"~animals. The  with Pax2in situ probe. After 5 days of culture, they developed into
number of nephrons was markedly reduced in the double a fully branched kidney structure (k) showiRax2expression in the
heterozygous kidneys, but normal developing structures are presentollecting tubules and in the nephrons. (B) E1Sixd~ metanephric
The lower panels are higher magnification of the boxed areas. In  rudiments cultured for 5 days and stained Wiix2in situ probe. No
SixI"~animals, the differentiating metanephric cap tissue (vesicles) kidney formation was observed (arrow). (C) E1Sa1~

in the peripheral nephrogenic zone, in which ureteric bud branchingmetanephric mesenchyme cultured with spinal cord (sc) for 5 days
and induction of new nephrons takes place, are morphologically — and stained witfPax2in situ probe. Th&ix1*~ mesenchymal
apparent (arrow in E). However, in the hypoplaByal~/Six1~ cultures exhibited characteristic tubules (k) shoviRag2

kidney, the differentiating metanephric vesicles in the peripheral  expression. (D) E11.8ixt’~ metanephric mesenchyme cultured
nephrogenic zone were largely reduced in number (arrow in F). with hetorozygous spinal cord for 5 days and stained Rax?in

(G,H) A reduced number of ureteric bud branches is detected in thesitu probe. None of th8ixI’"~ mesenchymes exhibited any sign of
compound heterozygous animals at E13.5. ct, convoluting tubule; gitubule formation. Note the disappearanc&isflmutant

glomerulus; ur, ureter. mesenchyme (arrow), which showsPax2expression.
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expression was detected in the spinal cord, which was used E899). Although we previously did not det@&atx2expression
a heterologous inducer. Thu8ix1 mutant mesenchyme was in Eyal’~ metanephric mesenchyme at E10.5, we concluded
unresponsive to inductive signals. that it was because of deficient ureteric bud outgrowth and
failure of metanephric induction. This interpretation was based
on previous analyses iDanforths’ Short tail(Sd mutants
DISCUSSION suggesting that Pax2 expression in the metanephric
mesenchyme requires inductive interaction between the
Despite exciting progress in elucidating important genesnesenchyme and the ureteric bud (Phelps and Dressler, 1993).
involved in inductive events during early kidney developmentHowever, recent expression studies Ret mutants have
the molecular mechanisms governing the inductive processdemonstrated thaPax2 is expressed in the metanephric
of kidney organogenesis remain largely unknown. We shownesenchyme before induction and its expression in the
here that the homeobox gerfixl is expressed in the mesenchyme is independent of ureteric bud outgrowth (Brophy
metanephric mesenchyme before and after metanephmt al., 2001). Here we show that during mouse kidney
induction and inactivation of this gene results in renal agenesidevelopmentPax2expression in the metanephric mesenchyme
Moreover, we show thd&yal Six1 Six2 Pax2andSalllmay  before induction i€yal andSixl:dependent. Consistent with
function in a molecular pathway and provide evidence for @ur observation, it has been previously shown t8a®2
genetic interaction betweerEyal and Sixl in kidney expression is also preserveddiax2’~ mesenchyme (Torres et
development. al., 1995). In contrast, we have found tBatl expression in
The formation of mammalian kidney involves three distinctthe mesenchyme was lost Fiyal’- embryos, similar to that
processes: first, establishment of the metanephric mesenchywfeSix2(Xu et al., 1999). Interestingly, we have found tBix2
from posterior intermediate mesoderm; second, outgrowth arekpression in the metanephric mesenchyme is 8igd
branching of the ureteric bud; and third, transformation andependent. Therefore, our results together with previous
differentiation of the metanephric mesenchyme to renabbservations suggest that there issgal-Six-Pax2regulatory
epithelial cells. Our data indicate that in the absencg>d  hierarchy controlling early mammalian kidney development,
kidney development was arrested at the second step of thedistinct from the PasEyaSix regulatory pathway elucidated in
three processes. Although the ureteric bud is pres@ikin~  Drosophilaeye imaginal disc. Detailed examination of kidneys
embryos, it fails to invade the mesenchyme completely and the Pax2Six1 or Eyal/Six1/Pax2compound knockouts will
mesenchymal cells undergo abnormal apoptosis from E11.Bnhance our understanding of the possible molecular and
Subsequent branching morphogenesis of the ureteric bud agédnetic interactions between these transcription factors during
tubule differentiation in the mesenchyme do not occur. It i®arly mammalian kidney morphogenesis.
known that Gdnf and its receptors, c-Ret andoGfrare Pax2 has recently been proposed to be a direct positive
essential for normal growth and branching morphogenesis oégulator of Gdnf becausePax2’~ embryos do not express
the ureteric bud during kidney development. Indeed, Gdnf ca@dnf in the uninduced mesenchyme apax2 regulates the
function as a chemoattractant for Ret-expressing epitheli@xpression oGdnfin vitro (Brophy et al., 2001). However, our
cells and stimulate branching morphogenesis of the ureteriesult shows thaPax2is not required for the expression of
bud (Vega et al., 1996; Tang et al., 1998). Consistent with th@dnf in the metanephric mesenchyme. We propose two
observation that the ureteric bud has forme8ikt’—animals, hypotheses to explain these observations. First, be@axge
we have detectedsdnf expression inSixI/~ metanephric expression in the intermediate mesoderm was unaffected in
mesenchyme. This result demonstrates that the initisdix1/~ embryos, we hypothesize th@ax2 expression in the
expression ofGdnf at mRNA level does not requirBix1 posterior intermediate mesoderm is required for the initiation
Although we were unable to directly determine whether GDNf Gdnf expression during the specification of metanephric
protein is produced bgix1’~ metanephric mesenchyme, our mesenchyme. Onednfis turned on in the mesenchyrfax2
results demonstrate that whatever amount is madixibh’-  expression in the mesenchyme may not be required for the
embryos, is insufficient to ensure invasion of the ureteric buthaintenance o&dnfexpression as metanephric development
into the metanephric mesenchyme. This evidence also suggeptsceeds. This could explain wiBdnfexpression was absent
that some other factors that are under the control ®ix& in Pax2’- embryos. Consistent with this hypothes@qinf
regulatory pathway may be important for fully supportingexpression was also observed Wtl/~ metanephric
ureteric bud invasion of the metanephric mesenchyme. Theypesenchymes which do not express Pax2 protein, although
could be, for example, cell atrix components that mediat®ax2 mRNA expression was observed Wit~ metanephric
interaction between the epithelium and mesenchyme. Furtheresenchyme (Kreidberg et al., 1993; Donovan et al., 1999).
expression studies Bix1 mutant embryos are required to test Second, becaudeax2is expressed normally in the Wolffian
this hypothesis. duct and ureteric bud iBixt’-embryos, it is possible that the
In the mammalian kidneyPax2 Eyal, Sixl and Six2 expression of Pax2 in the Wolffian duct and ureteric bud
expression overlaps in the metanephric mesenchyme and tégithelium is required for the maintenancezainfexpression
null mutants ofPax2 Eyal and Six1lack kidney formation in the mesenchyme. This could also explain the reduction
(Torres et al., 1995; Xu et al., 1999). BecaBag2expression of Gdnf expression observed irPax2’~ metanephric
in the intermediate mesoderm was unaffectedEyat’~ mesenchyme. In support of this hypothesis, a greatly reduced
embryos at E9.5 an&ix2 expression was lost iEyal’~ level of GAnfmRNA in the metanephric mesenchyme at E11.5
metanephric mesenchyme at E10.5, we previously suggestheds also been seen in mice defectiveHorx2 a homeobox
that theDrosophilaPaxEyaSix regulatory hierarchy has been gene expressed primarily in the ureteric bud, whose disruption
conserved in mammalian kidney development (Xu et al.inhibits ureteric bud growth and branching (Miyamoto et al.,
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1997). InterestinglyPax2 expression was also significantly possible by equipment purchased with a grant from the M. J. Murdock
reduced in Emx2/~ ureteric bud at E11.5, whereas its Charitable Trust. This work was supported by NIH P20RR 12345-02
expression in Emx2~ metanephric mesenchyme was (to P-X.X)).
apparently normal at this stage (Miyamoto et al., 1997).

Our results also show th&alll functions downstream of
Six1 Salllis a mammalian homolog of tiirosophilaregion- REFERENCES
specific homeotic gerspalt(sal). Inactivation of muriné&alll
results in renal agenesis or severe dysgenesis becauseA%f\legt;. ?%sand Oliver, J. A. (2002). Stem cells in the kidnegidney Int
mcomplete .uretenc bud OUtgrOWth /iind the failure of tl'lbuleAshI’ey, D.J. B and Mostofi, F. K.(1960). Renal agenesis and dysgendsis.
formation, similar to that seen Bix1'~ embryos. It has been "~ 5" a3 211-230.
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