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are essential 
kidney induction

Deneen M. W ellik, Patrick J. Hawkes, and Mario R. Capecchi1

D ep artm en t of H u m an  G enetics and H ow ard H ughes M edical In s titu te , U n iv ersity  of U tah  School of M edicine, 
Salt Lake C ity , U tah  84112-5331, USA

The m am m alian H ox  complex is divided into lour linkage groups containing 13 sets of paralogous genes.
These paralogous genes have retained functional redundancy during evolution. For this reason, loss of only 
one or two H ox  genes w ith in  a paralogous group often results in incompletely penetrant phenotypes which are 
difficult to interpret by m olecular analysis. For example, mice individually m utan t for H o x a l l  or H o x d l l  
show no discernible kidney abnorm alities. H o x a l l  /H o x d l l  double m utants, however, dem onstrate hypoplasia 
of the kidneys. As described in this study, removal of the last H o x l l  paralogous member, H o x c l l ,  results in 
the complete loss of m etanephric kidney induction. In these triple m utants, the m etanephric blastem a 
condenses, and expression of early patterning genes, P ax2  and W tl ,  is unperturbed. E va 1 expression is also 
intact. S ix2  expression, however, is absent, as is expression of the inducing growth factor, G dn f. In the 
absence of G dn f, ureteric bud form ation is not initiated. M olecular analysis of this phenotype dem onstrates 
that H o x l l  control of early m etanephric induction is accomplished by the interaction of H o x l l  genes w ith 
the p a x -e y a -s ix  regulatory cascade, a pathway that may be used by H o x  genes more generally for the induction 
of m ultiple structures along the anteroposterior axis.

[Key W ords: Hox-, kidney,- pax-cya-six,- m c ta n c p h ric  in d u c tio n ]
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H o x  genes h av e  lo n g  b een  reco g n ized  as im p o r ta n t reg u 
la to rs  of e m b ry o n ic  d e v e lo p m en t. In  m a m m a ls , th is  
co m p lex  of 39 genes res ides  o n  fo u r se p a ra te  ch ro m o 
so m a l lin k ag e  g roups, d es ig n a ted  A, B, C, an d  D . T h ese  
g roups d iverged  early  in  th e  e v o lu tio n  of v e rte b ra te s  fo l
lo w in g  q u a d ru p lic a tio n  of a s in g le  a n c e s tra l com plex . 
H o m o lo g o u s  m e m b e rs  w ith in  th e  se p a ra te  lin k ag e  
g roups arc  d iv ided  in to  13 se ts  of p a ra lo g o u s genes, each  
h a v in g  tw o  to  fo u r m em b ers . D u rin g  d ev e lo p m en t, 
p ara logous se ts  of genes a rc  a c tiv a te d  se q u e n tia lly  in  th e  
d ev e lop ing  em bryo , w ith  th e  H o x l  an d  H o x 2  para logous 
g roups b e in g  exp ressed  ea r lie r  an d  m o re  a n te r io r ly  in  th e  
em b ry o  an d  su ccess iv e  g roups th ro u g h  para lo g o u s group  
H o x l3 ap p ea rin g  la te r  w ith  in c re a s in g ly  m o re  p o s te rio r 
l im its  of ex p ress io n  jD u b o u lc  an d  D o llc  1989; G ra h a m  ct 
al. 1989). D e sp ite  th e  re c o g n itio n  of th e  im p o r ta n c e  of 
H o x  genes in  d e v e lo p m e n t an d  e x ten s iv e  g en e tic  a n a ly 
s is  of b o th  lo ss-o f-fu n c tio n  an d  g a in -o f-fu n c tio n  m u ta 
t io n s  in  m o u se , few  h in ts  h av e  su rfaced  regard ing  h o w  
th e s e  genes fu n c tio n  a t th e  m o le c u la r  lev e l to  p ro v id e  
p o s itio n a l in fo rm a tio n  along  th e  a n te ro p o s te r io r  (A-P) 
axis.

I t h a s  b een  c lea r fo r so m e  t im e  th a t  fu n c t io n a l re d u n 
dan cy  m a y  a c c o u n t fo r th e  d ifficu lty  in  d e te rm in in g  th e
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E-MAIL mario.capecchi@genetics.utah.edu, FAX (801) 585-3425.
Articlc and publication arc at http://www.gcncsdcv.org/cgi/doi/10.1101/ 
gad.993302.

m o le c u la r  p a th w a y s  in  w h ic h  H o x  g enes o p era te . Loss- 
o f-fu n c tio n  of tw o  o r m o re  para lo g o u s m em b ers  h a s  re 
p e a te d ly  d e m o n s tra te d  ex ace rb a tio n s  of p h e n o ty p e  c o m 
p ared  to  th e  s in g le  m u ta n ts  jC o n d ic  an d  C ap ecch i 1994; 
D av is  c t al. 1995; H o ra n  c t al. 1995; Z a k a n y  c t al. 1997; 
S tu d e r c t al. 1998; C h e n  an d  C ap ecch i 1999; R o sse l and  
C ap ecch i 1999). T h e se  s tu d ie s  h av e  p o in te d  o u t th a t  
m a n y  of th e  m o s t b asic  fu n c tio n s  of H o x  genes m a y  be  
co n serv ed  a m o n g  a ll m e m b e rs  o f an y  g iv en  para logous 
group . T h erefo re , p a r t ia l lo ss-o f-fu n c tio n  of th e  p a ra lo 
gous group  w o u ld  b e  ex p ec ted  to  re s u lt in  w h a t c la ssica l 
g e n e tic is ts  refer to  as 'h y p o m o rp h ic ' p h en o ty p es . A l
th o u g h  h y p o m o rp h ic  p h e n o ty p e s  a rc  o ften  in fo rm a tiv e  
w ith  regards to  te m p o ra l an d  sp a tia l a sp ec ts  of fu n c tio n , 
th e y  arc  n o t c h a ra c te r is tic a lly  a m e n a b le  to  m o le c u la r  
ana ly s is , p a r tic u la r ly  w ith o u t  co m p ariso n  to  th e  c o m 
p le te  lo ss-o f-fu n c tio n  p h en o ty p e .

A co ro lla ry  to  th is  h y p o th e s is  w i th  re sp ec t to  H o x  
an a ly s is  is  th a t  o n ly  in  th e  fu n c tio n a l ab sen ce  of an  e n 
ti r e  para lo g o u s g roup  can  th e  m o s t b as ic  fu n c tio n s  of th is  
s e t  of genes b e  rea lized . A n  ex am p le  is  th e  H o x l  1 p a ra lo 
gous g roup  genes. H o x a l l  an d  H o x d l l  s in g le  m u ta n t  
p h e n o ty p e s  h av e  b e e n  rep o rted  as w e ll as th e  do u b le  m u 
ta n t  p h e n o ty p e  (Sm all an d  P o tte r  1993; D av is  an d  Ca- 
p c c c h i 1994; D av is  c t al. 1995). T h e se  genes affec t th e  
d e v e lo p m e n t of th e  re p ro d u c tiv e  tra c t, th e  v e rte b ra l 
sk e le to n , th e  lim b , an d  th e  k id n ey . T h e  se v e r ity  of a ll 
fo u r a sp ec ts  of p h e n o ty p e  in c rea se s  in  th e  H o xa  11 /

G EN ES & D E V E L O P M E N T  1 6 :1 4 2 3 -1 4 3 2  ©  2 0 0 2  b y  C o ld  S p rin g  H a rb o r  L a b o ra to ry  P re s s  IS S N  0 8 9 0 -9 3 6 9 /0 2  S 5 .00 ; w w w .g e n e sd e v .o rg 1423

http://www.genesdev.org
mailto:mario.capecchi@genetics.utah.edu
http://www.gcncsdcv.org/cgi/doi/10.1101/
http://www.genesdev.org


Downloaded from www.genesdev.org on July 7, 2006

H o x d .ll  d o u b le  m u ta n t  co m p ared  to  c ith e r  s in g le  m u 
ta n t. W ith  rc sp cc t to  k id n e y  d e v e lo p m en t, n e ith e r  
H o x a l 1 n o r  H o x d l l  s in g le  m u ta n t  a n im a ls  d isp lay  an y  
o v ert p h en o ty p e . D o u b le  m u ta n t  m ice , h ow ever, d e m 
o n s tra te  v a riab ly  p e n e tra n t k id n e y  h y p o p la s ia  (D avis ct 
al. 1995; P a tte rso n  c t al. 2001). In  th e s e  d o u b le  m u ta n ts , 
th e re  is  o n e  re m a in in g  fu n c tio n a l H o x  11 gene, H o x c l l .  
If m e m b e rs  of th e  H o x l  1 p ara lo g o u s g roup  a rc  fu n c t io n 
a lly  re d u n d a n t in  k id n e y  d e v e lo p m en t, th e n  re m o v a l of 
th e  f in a l m em b er, H o x c l l ,  s h o u ld  fu r th e r  ex ace rb a te  th e  
k id n e y  p h e n o ty p e  an d  re p re se n t th e  c o m p le te  loss-of- 
fu n c tio n  p h e n o ty p e  for th is  para lo g o u s gene  fam ily .

T h e  k id n e y  is  a n  ex c e lle n t m o d e l o rgan  sy s te m  for th e  
s tu d y  of in d u c t iv e  m e c h a n ism s  in  v ivo  an d  in  v itro . 
E arly  m o lc c u la r  ev e n ts  of k id n e y  m o rp h o g en esis  arc  
fu n c tio n a lly  w e ll described  (D ress ie r 1999; K u u rc  c t al.
2000), m a k in g  i t  a n  id ea l sy s te m  in  w h ic h  to  an a ly ze  
H o x  fu n c tio n . T h e  m c ta n c p h ric  k id n e y  deve lops th ro u g h  
a  se rie s  of rec ip ro ca l in d u c tio n s . In itia lly , a  c au d a l reg ion  
of th e  in te rm e d ia te  m e so d e rm  te rm e d  th e  m c ta n c p h ric  
b la s te m a  co n d en ses . F ro m  its  e a rlie s t stages, th e  m c ta 
n c p h ric  b la s te m a  exp resses each  of th e  th re e  H o x  11 p a ra 
logs, H o x a l  1, H o x c l l ,  an d  H o x d l l  (H sich-L i c t al. 1995; 
H o s tik k a  an d  C ap ccch i 1998; P a tte rso n  c t al. 2001 an d  
unpub l.). T h e  co n d en sed  m c ta n c p h ric  b la s te m a  in d u ccs  
th e  u re te r  to  b u d  fro m  th e  W olffian  du c t. T h e  H o x l l  
p ara logs a rc  n ev e r exp ressed  in  e ith e r  th e  W olffian  d u c t 
o r th e  u re te r ic  bud . T h e  u re te r, in  tu rn , in d u c c s  th e  
m c ta n c p h ric  m c sc n c h y m c  to  c o n v c rt to  e p ith e liu m  and  
fo rm  th e  d iffe ren tia ted  c o m p o n e n ts  of th e  n ep h ro n . By 
c o n tin u e d  p ro life ra tio n  an d  b ra n c h in g  of th e  u re te r  in 
duced  by  th e  m c s c n c h y m c  an d  c o n tin u e d  n cp h ro g cn cs is  
in  th e  m c s c n c h y m c  in d u c c d  by  th e  u re te r, th e  k id n e y  
develops in to  a m a tu re  o rgan  c o n ta in in g  th o u s a n d s  of 
f i ltra tio n  u n its  c o n n cc tcd  th ro u g h  a co m p lcx  co llc c tin g  
d u c t sy s tem .

T h e  k id n ey s  in  H o x a l  1 /H o x d l l  d o u b le  m u ta n ts  w ere  
dcscribcd  in  g rea te r d e ta il  rc c c n tly  (P a tte rso n  c t al.
2001). In  th o s e  em bryos, u rc tc r ic  b u d  in i t ia t io n  w as re 
p o rted  to  o ccu r n o rm a lly  a t E l 1.5. By E13.5, th e  d o u b le  
m u ta n t  em b ry o s in  th a t  s tu d y  d isp layed  k id n e y  a b n o r
m a litie s . T h e  u re te r  h ad  u n d e rg o n e  less  b ra n c h in g  a t th is  
s tage  co m p ared  to  c o n tro ls . T h e  ex p re ss io n  p a tte rn s  of 
m a n y  genes, in c lu d in g  W n tT b , W n t l l ,  Bf2, Pax2, W t l ,  
a n d  G d n f  w e re  ex am in ed  a t  m id o rg an o g cn cs is . E xpres
s io n  of each  of th e  m a rk e rs  w as  d e tec ted  in  th e  d o u b le  
m u ta n ts , an d  m a n y  w e re  fo u n d  to  b e  a lte re d  co m p ared  to  
co n tro ls , p a r t ic u la r ly  w ith  rc sp cc t to  ex p ress io n  a long  
th e  d o rso v c n tra l axis. S incc  th e  d e v e lo p m e n t of th e  k id 
n ey s a t th is  s tage  in  th e  d o u b le  m u ta n ts  w as a lread y  
m o rp h o lo g ica lly  ab n o rm a l, i t  is  d iff icu lt to  d iscc rn  from  
th is  an a ly s is  w h ic h  genes w e re  d ire c tly  affcc tcd  by  loss 
of H o x  fu n c tio n , a n d  w h ic h  a lte re d  gene  ex p ress io n  p a t
te rn s  rc f lcc tcd  se co n d a ry  cffcc ts of a b e rra n t k id n e y  m o r
phology.

In  th e  p re s e n t s tu d y , w e  rep o rt th e  g e n e ra tio n  of m ice  
m u ta n t  for a ll th re e  H o x l l  p a ra lo g o u s genes {H o xa l , 
H o x c l V h , H o x d l l~ h ) an d  th e  re s u ltin g  k id n e y  p h e n o 
type . In  tr ip le  m u ta n ts , m c ta n c p h ric  in d u c tio n  is  c o m 
p le te ly  ab sen t. T h e  early  m c ta n c p h ric  b la s te m a  c o n 

W e llik  e t  a l.

denses, b u t  th e  u re te r  n ev e r bu d s  fro m  th e  W olffian  duc t. 
T h e  ex p ress io n  of m a n y  early  p a tte rn in g  m o lc c u lc s  in 
c lu d in g  Pax2, W t l ,  a n d  E y a l  is  n o rm a l. S ix 2  an d  G d n f  
exp ression , how ever, a rc  sp ec ific a lly  ab sen t. T h e  m o 
lc c u la r  a n a ly s is  of th is  p h e n o ty p e  appears id e n tic a l to  
th a t  rep o rted  fo r E y a l  h o m o zy g o u s m u ta n ts  an d  su p 
p o rts  th e  h y p o th e s is  a sse rted  b y  X u c t al. (1999) th a t  th e  
p a x -e y a -s ix  p a th w ay , firs t c lu c id a tc d  in  D ro so p h ila  eye 
d e v e lo p m en t, is co n serv ed  in  m a m m a lia n  k id n e y  dev e l
o p m en t. T h is  s tu d y  fu r th e r  d e m o n s tra te s  th a t  th e  H o x l  1 
p a ra lo g o u s genes converge  o n  th is  p a th w a y  d u rin g  m c ta 
n c p h ric  k id n e y  d ev e lo p m en t.

R e su lts

M ice  w ith  c o m b in a tio n s  of n u l l  m u ta tio n s  for H o x a l l ,  
H o x c l l ,  an d  H o x d l l  w e re  g en era ted  b y  s ta n d a rd  g en e tic  
c ro sses (D avis an d  C ap ccch i 1994; B ou lc t c t al., in  prep.; 
S.L. H o s tik k a  an d  M .R  C ap ccch i, in  prep.). G e n e ra tio n  of 
tr ip le  h e te ro zy g o u s  a n im a ls  ( l lA a C c D d , w h e re  u p p e r
case  le t te r s  d e n o te  w ild -ty p e  a lle le s  an d  lo w ercase  le t 
te rs  d e n o te  m u ta n t  a lle les) as w e ll as a n im a ls  w ith  c o m 
b in a t io n s  of fo u r m u ta n t  a lle le s  (1 la aC cD d , 1 lA accD d , 
o r 1 lA aC cdd) w e re  o b ta in ed  in  n e a r  M c n d c lia n  ra tio s . 
A ll m a le  an d  fem ale  m ice  of th e  above g en o ty p es  a rc  
in fe r ti le  a n d  sh o w  m a n y  of th e  rep ro d u c tiv e  dcfcc ts  p re 
v io u s ly  rep o rted  fo r H o x a l l  m u ta n t  m ic e  (Sm all and  
P o tte r  1993; H sich -L i c t al. 1995; d a ta  n o t show n). T o  
o v e rco m e  th e  p ro b le m  w ith  in fe r ti li ty , tr ip le  m u ta n t  
em b ry o s w e re  p ro d u ced  b y  in  v itro  fe r til iz a tio n  (S ztc in  c t 
al. 1997).

H o xa  11 /H o x c  11 /H o x d  11 tr ip le  m u ta n ts  h av e  
n o  k id n ey s

A t b ir th , H o xa  11 /H o x d  11 d o u b le  m u ta n ts  d isp lay ed  k id 
n e y  h y p o p la s ia  as dcscribcd  p rev io u s ly  (Fig. 1, cf. D  and  
A; D av is  c t al. 1995; P a tte rso n  c t al. 2001). T h e se  p re v i
ou s rep o rts  n o te d  th a t  k id n ey s  w e re  o cca s io n a lly  found  
u n ila te ra lly . O f n o te , a ll fo u r H o x a l l / H o x d l l  em bryos 
h is to lo g ic a lly  ex am in ed  a t  E l 8.5 in  th e  p re se n t s tu d y  
p ossessed  tw o  h y p o p la s tic  k id n ey s . T h e  o th e r  d o u b le 
m u ta n t  c o m b in a tio n s  ( l la a c c D D  an d  llA A c c d d ) d e m 
o n s tra te d  less  sev e re  b u t  s im ila r  dcfcc ts  to  th o s e  seen  in  
H o x a l l / H o x d l l  d o u b le  m u ta n ts  (Fig. 1B,C; a ll e ig h t e m 
b ry o s  ex am in ed  a lso  h ad  tw o  k idneys). E m bryos w ith  
five m u ta n t  a lle le s  (1 la ac cD d , l la a C c d d , o r 1 lA accdd) 
w e re  m o re  sev e re ly  affcctcd . O f th e  five em b ry o s a n a 
ly zed  a t  th is  t im e  p o in t, tw o  p ossessed  tw o  v e ry  sm all, 
ru d im e n ta ry  k id n ey s , o n e  h ad  o n ly  a  s in g le  k id n e y  re m 
n a n t  (Fig. IE), an d  tw o  em b ry o s h ad  n o  k id n e y  a t  th is  
stage . T h e  s e v e r ity  of th e  p h e n o ty p e  d id  n o t co rre la te  
w ith  th e  re m a in in g  w ild -ty p e  a lle le . In  ad d itio n , as th e  
n u m b e r  of m u ta n t  a lle le s  in c reases, th e  h y p o p la s tic  k id 
n ey s  w e re  lo ca ted  a t  in c rea s in g ly  m o re  cau d a l an d  v e n 
tr a l  lo ca tio n s , c o n s is te n t w ith  o b se rv a tio n s  of P a tte rso n  
c t al. (2001), su g g es tin g  th a t  m ig ra tio n  of th e  o rgan  is 
d is ru p ted . T rip le  m u ta n t  a n im a ls  ( l la a c c d d )  ex h ib ited  
n o  m c ta n c p h ric  k id n e y  fo rm a tio n  (Fig. IF).
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Figure 1. Kidney phenotype is exacerbated  w ith  increasing  H o x l 1 m u ta n t a llelic  co n tribu tion . Paraffin-em bedded fron ta l sec tions (5 
pm ) th rough  E l8.5 em bryos, sta ined  w ith  h em ato x y lin  and eosin. In  all sections, an te rio r is up. Red block arrow s denote  k idneys in 
each panel. N o te  increasing  severity  of k idney  phenotype w ith  increasing  nu m b er of m u ta n t alleles (A-F). (A ) W ild-type em bryo. (/?) 
D ouble m u ta n t of Hoxc11 /H o xd 1 1 . (C) D ouble m u ta n t of H oxa 11 /H oxc 11. (D) D ouble m u ta n t of H oxa l 1 /H o x d l 1. (£) Five-allele 
m u ta n t em bryo, Hoxa 11+h, H oxc 17_/_, H o xd l  7_/_. (F) T rip le  m u ta n t section . N o k idneys w ere  ever observed in  trip le  m u ta n t em bryos.

A t E13.5 in  w ild -ty p e  em bryos, th e  m eso n ep h ro s  h as 
regressed , th e  u re te r  h a s  in v ad ed  th e  m c ta n c p h ric  b la s 
tem a , an d  a  few  ro u n d s  of b ra n c h in g  of th e  u re te r  h av e  
o ccu rred  in  th e  m c ta n c p h ro s  (Fig. 2C). In th e  H o x a l 1/ 
H o x d l 1 d o u b le  m u ta n t  em b ry o s jand  to  a le s se r e x te n t 
in all o th e r  c o m b in a tio n s  of fo u r m u ta n t  a lleles), th e  
u re te r 's  ro u te  to  th e  k id n e y  is c irc u ito u s  a n d  ab n o rm al. 
It bypasses th e  m ed io la te ra l a sp ec t of th e  k id n e y  w h e re  
it  n o rm a lly  e n te rs  an d  in s te a d  trav e rse s  a n te r io r ly  
a ro u n d  th e  k id n e y  to  th e  la te ra l s id e  w h e re  i t  fin a lly  
e n te rs  th e  m c ta n c p h ric  k id n e y  (Fig. 2D). A ll o th e r  four- 
an d  five-a lle le  m u ta n t  em b ry o s a t th is  s tag e  h av e  tw o, 
a b n o rm a lly  dev e lo p in g  k id n ey s  (data n o t shown,- n  = 6). 
T h e se  find ings suggest th a t  th e  o ccasio n a l u n ila te ra l k id 
n ey  rep o r ted  in  a d u lt H o x a l 1/H o x d l  1 d o u b le  m u ta n t 
m ice  an d  th e  m o re  fre q u e n t u n ila te ra l o r b ila te ra l ab 
sen ce  of m c ta n c p h ric  k id n e y  in  th e  five-a lle le  m u ta n t

n e w b o rn s  a re  d u e  to  loss of an  a b e rra n tly  deve lop ing  
s t ru c tu re . T rip le  m u ta n t  em b ry o s a t th is  s tag e  sh o w  no  
sign  of m c ta n c p h r ic  k id n e y  d ev e lo p m e n t {n = 3 ; Fig. 2E).

U reteric  b u d  in d u c tio n  d o es n o t  occur  
in  tr ip le  m u ta n ts

T h e  in itia l b u d d in g  of th e  u re te r  from  th e  W olffian  d u c t 
w as e x a m in e d  in  E l 1.5 em bryos. A t th is  s tag e  a  sing le , 
u n b ra n c h e d  u re te r ic  b u d  can  be seen  in v ad in g  th e  m c ta 
n c p h ric  b la s te m a  in  co n tro l em b ry o s (Fig. 3A). In  all m u 
ta n t  em b ry o s ex am in ed , c o n d e n sa tio n  of th e  m c ta n c p h 
ric  b la s te m a  appears  n o rm a l. A ll H o x a l 1 /H o x d l 1 e m 
b ry o s h av e  a  s in g le  u re te r ic  bud , an d  in itia l b u d  in v as io n  
appears  n o rm a l for b o th  k id n e y s  in  a ll cases ex am in ed  
(n = 5, Fig. 3B). In  em b ry o s w ith  five m u ta n t  a lle les , b u d  
in v as io n  can  occur, b u t th e  u re te r ic  b u d  ex a m in e d  a t th e
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Figure 2. D isrup ted  u re te ric  m ig ra tion  at E13.5. Paraffin-em bedded h isto log ical fro n tal sec tions (5 jim) th rough  em bryos sta ined  w ith  
hem ato x y lin  and eosin. D ashed b lack  line  in  panel A  show s th e  p lane  of section  show n in  C-E. T h e  red box in  panel B show s th e  
approxim ate region show n in  C-E. Panels C-E  show  th e  em bryos' left developing m etanephros. T he m id line  of each em bryo is to  the  
left, an terio r to  th e  top. Black arrow s denote  th e  u reter. (C) C ontro l kidney. (D) Section th rough  a H o x a ll  /H o x d l l  double m u ta n t 
em bryo. T he u re te r traverses by th e  m edial aspect of th e  k idney  (not seen in  th is  section), around th e  an te rio r aspect of th e  kidney to 
th e  la te ra l side, w here it even tually  en ters th e  developing m etanephros. No kidney  developm ent w as seen in  trip le  m u ta n t em bryos 
at th is  stage (£).

sam e  s tage  fre q u e n tly  m ig ra te d  in  reg ions aw ay  from  th e  
m e ta n e p h ric  m e se n c h y m e  {n = 7, Fig. 3C). N o  u re te r ic  
b u d  fo rm a tio n  o ccu rred  in  an y  tr ip le  m u ta n t em b ry o s 
e x am in ed  {n = 8, Fig. 3D ). A s ex p ec ted  in  th e  ab sen ce  of 
m e ta n e p h ric  in d u c tio n , th e  tr ip le  m u ta n t b la s te m a  w as 
lo s t d u e  to  a p o p to s is  {n = 4, Fig. 4A ,B; K oseki e t al. 1992). 
K idney  d e v e lo p m e n t w as  n o t d e te c te d  b ey o n d  th is  stage  
in  tr ip le  m u ta n t em bryos.

M o lecu la r  a n a ly s is  o f m e ta n e p h r ic  in d u c tio n

In d u c tio n  of m e ta n e p h ric  d e v e lo p m e n t is w ell c h a ra c te r
ized, a n d  severa l m o le c u le s  are  k n o w n  to  affect th is  p ro 
cess. S ince  each  of th e  H o x l 1 p a ra lo g o u s genes a re  ex 
p ressed  in  th e  b la s te m a l m e se n c h y m e  a n d  n o t in  th e  
W olffian  d u c t (H sieh-L i e t al. 1995; H o s tik k a  a n d  C ap ec
ch i 1998; P a tte rso n  e t al. 2001), w e  an a ly z ed  th e  ex p res
sion  of th e  m e se n c h y m a l m o le c u le s  k n o w n  o r ex p ec ted  
to  p lay  a ro le  in  b la s te m a l in d u c tio n  of u re te r ic  b u d  fo r
m a tio n . W e ex a m in e d  th e  ex p ressio n  of th e s e  genes a t 
E10.5, ju s t p r io r  to  in i tia tio n  of u re te r ic  b u d  fo rm a tio n . 
A t th is  stage, a ll c o n tro l an d  m u ta n t  em b ry o s are  m o r
p h o lo g ica lly  in d is tin g u ish a b le . T h e  a ssu m p tio n  w as 
m ad e  th a t  an y  affect on th e  W olffian  d u c t w o u ld  b e  sec 
o n d ary  to  a  ce ll a u to n o m o u s  d efec t in  th e  b la s te m a  
w h e re  th e s e  H o x l 1 tra n sc r ip tio n  fac to rs  are  expressed . 
T h is  an a ly s is  w as  lim ite d  to  m o le c u le s  k n o w n  or ex 
p ec te d  to  h av e  a  ro le  in  in i t ia t in g  u re te r ic  b u d  in d u c tio n . 
T h e  ex p ression  p a tte rn s  of m o le c u le s  su ch  as W n t4  an d  
Bf2, w h ic h  a re  k n o w n  to  be exp ressed  in th e  m e s e n 
ch y m e  a fte r  th e  in i tia tio n  of u re te r ic  b u d  fo rm a tio n  an d  
to  affec t la te r  s tages of m e ta n e p h ric  d e v e lo p m en t, w ere  
n o t an a ly z ed  in th is  tr ip le  m u ta n t  s tu d y .

W tl  an d  P ax2  a re  tra n sc r ip tio n  fac to rs  im p o r ta n t for 
e s ta b lish in g  c o m p e te n c e  a n d  early  p a tte rn in g  in  k id n ey  
d ev e lo p m en t. M ice  w ith  ta rg e te d  d is ru p tio n s  in  e ith e r  of 
th e s e  genes d e m o n s tra te  lo ss  of m e ta n e p h ric  in d u c tio n  
(K reidberg e t al. 1993; T o rre s  e t al. 1995). W tl  is ex 
p ressed  in  th e  dev e lo p in g  b la s te m a  as w ell as th e  s u r
ro u n d in g  d ev e lop ing  u ro g en ita l m ese n c h y m e , b u t it  is 
n o t exp ressed  in th e  W olffian  d u c t. P ax2  is exp ressed  in 
b o th  th e  m e ta n e p h ric  b la s te m a  as w ell as th e  W olffian  
d u c t. E xpression  of th e s e  tw o  p ro te in s  appears  n o rm a l in 
H o x l 1 tr ip le  m u ta n t em b ry o s  a t E10.5, ju s t p rio r to  n o r
m a l u re te r ic  b u d  fo rm a tio n  (see Fig. 5A,B an d  C ,D , re 
spective ly ).

E y a l  an d  S ix2  a re  a lso  exp ressed  in  th e  m e ta n e p h ric  
b la s te m a  a t th is  stage. L oss-o f-function  of E y a l  in  m ice  
re s u lts  in  lo ss  of u re te r ic  b u d  in d u c tio n  as seen  in  H o x l 1 
p a ra lo g o u s tr ip le  m u ta n ts  (Xu e t al. 1999). T a rg e ted  d is 
ru p tio n  of S ix2  h a s  n o t b een  rep o rted . In a ll H o x l 1 m u 
ta n t  b la s tem as , E y a l  ex p ressio n  a lso  appears n o rm a l 
(Fig. 5E -G ). H o w ev er, S ix2  ex p ression  is n e v e r  d e tec ted  
in  th e  tr ip le  m u ta n t b la s te m a  (Fig. 5, cf. H  an d  J). A d d i
tio n a lly , th e  level of S ix2  ex p ression  ap p ears  to  be  d e 
p e n d e n t on th e  n u m b e r  of fu n c tio n a l H o x l 1 a lle les , as 
em b ry o s  w ith  five  m u ta n t  a lle le s  sh o w  v e ry  w e a k  ex 
p ress io n  of S ix2  co m p a red  to  c o n tro ls  (Fig. 5H -J).

E xpression  of G d n f  is a lso  ab sen t o r g rea tly  red u ced  in 
tr ip le  m u ta n ts  co m p ared  to  co n tro ls  (Fig. 5K,L). G d n f  is 
exp ressed  in  th e  m e ta n e p h ric  b la s tem a , an d  G d n f  m u 
ta n t  m ice  e x h ib it th e  sam e  lo ss-o f-in d u c tio n  p h e n o ty p e  
as H o x l 1 tr ip le  m u ta n ts  (H ellm ich  e t al. 1996; M o o re  et 
al. 1996; P iche l e t al. 1996; S anchez  e t al. 1996). G d n f  h as  
b een  d e m o n s tra te d  to  be  an in d u c in g  lig an d  in  th is  sy s
tem , o p e ra tin g  th ro u g h  co recep to rs  c-ret an d  G D N F R a,
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Hoxll p a ra lo g o u s  g e n e s  in  k id n e y  d e v e lo p m e n t

Figure 3. U reteric  budding is d isrupted  in H oxl 1 m u 
tan ts . H em atoxylin  and eosin-stained sec tions (5 jim) of 
paraffin-em bedded E 11.5 em bryos. W, W olffian duct. 
Red arrow s deno te  m etanephric  b lastem a. (4) N orm al 
u re te ric  budding in to  th e  b lastem a of a contro l em bryo. 
T h is  process appears to  occur no rm ally  in double m u 
ta n t em bryos {H oxal 1 /H o x d l 1 double m u ta n t show n 
in B). T h e  green arrow  in panel C show s th e  right u re 
teric  bud of a five-allele m u ta n t em bryo. T h is  bud never 
m akes co n tac t w ith  th e  m etan ep h ric  b lastem a, b u t can 
be follow ed through sec tions traversing  an ind irect path  
around  it. (D) A trip le  m u ta n t em bryo. N o u re te ric  bud 
is ever form ed in these  em bryos.

exp ressed  in  th e  W olffian  d u c t, a n d  G d n f  ex p ressio n  is 
n ece ssa ry  for u re te r ic  b u d  in d u c tio n  in  v ivo  an d  in  v itro  
(S chuchard t e t al. 1996; T rc a n o r e t al. 1996; T ru p p  e t al. 
1996; S ain io  e t al. 1997; C aca lan o  e t al. 1998).

Discussion

In th is  s tu d y , w e  ex a m in e d  th e  effect of lo ss-o f-fu n c tio n  
of th e  e n tire  H o x l 1 p a ra lo g o u s g roup  on k id n e y  dcvcl-

Figure 4. H oxl 1 trip le  m u ta n t b las tem as undergo apoptosis in th e  absence of induction . C o n sisten t w ith  loss of m etanephric  
induction , th e  condensed b lastem al m esen ch y m e is lost by apoptosis in th e  trip le  m u ta n t. (4) C ontro l and {B) H o x l 1 trip le  m u tan t, 
show  sec tions th rough  El 1.5 em bryos. C ell death sta in in g  by  TUNEL is show n in green, and Pax2 an tibody  sta in in g  is in red. N o te  
m assive cell death in th e  trip le  m u ta n t b lastem a, b u t n o t th e  W olffian ducts. T h e  m etanephric  b las tem as in contro l and m u ta n t 
em bryos are indicated  by a w h ite  arrow ; th e  W olffian ducts are ind icated  by a w h ite  W.

G EN ES & D E V E L O P M E N T  1427

http://www.genesdev.org


Downloaded from www.genesdev.org on July 7, 2006

W e llik  e t  a l.

Figure 5. M olecular characterization  of H oxl 1 trip le  m u ta n t phenotype. {A-L) E10.5 frontal sec tions th rough  th e  m etanephric  region. 
{A,B) Im m u n o h isto ch em ica l s ta in ing  of W tl in control and trip le  m u ta n t em bryos in th e  m etanephric  b lastem a and surrounding  
urogenital m esenchym e. N o te  th a t the  contro l section  in A  is a t a sligh tly  la te r stage, approx im ately  El 1. A t th e  left side of A , the  
u re te r (which does no t sta in  for W t l ) can be seen en tering  th e  m etanephric  m esenchym e. (C,D) P a x l im m u n o sta in in g  in th e  b lastem a 
and W olffian duct. T here  are no observable differences betw een control and m u ta n t em bryos. (E-G) Eyal expression as detected  by in 
situ  hybrid ization  (ISH). (£) C ontro l em bryo. (F) Five-allele m u ta n t, 11 Aaccdd, show n at a sligh tly  la te r stage (approxim ately El l ,  no te  
invasion of both b lastem as by nonexpressing  u re te ric  bud). (G) T rip le  hom ozygous m u tan t. Expression of E yal is norm al in m u tan ts  
and contro ls. (/) Six2  ISH dem o n stra tes  a d rastic  reduction  in Six2  m essage in five-allele em bryos (11 aaCcdd show n here  a t approxi
m ate ly  El 1, n o te  invasion  of th e  righ t m etanephric  b lastem a by nonexpressing ure te ric  bud), com pared to control expression (H). T here  
is a com plete  loss of m essage in trip le  m u ta n t m esenchym e (/) com pared to control (H). G d n f  expression as detected  by ISH in control 
{K) and  trip le  m u ta n t (L) is absen t or m uch  reduced in trip le  m u ta n t blastem as.

o p m c n t. T h e  m ajo r c o n c lu s io n s  arc  th a t  th e  H o x l l  
p a ra logous genes a rc  fu n c tio n a lly  re d u n d a n t in  early  k id 
n ey  d e v e lo p m e n t a n d  a rc  n cccssa ry  for th e  in i t ia t io n  of

m c ta n c p h ric  d e v e lo p m en t. R em o v a l of a ll s ix  fu n c tio n a l 
a lle le s  of th e  H o x l l  p a ra logous g roup  re s u lts  in  a c o m 
p le te  lo ss  of u rc tc r ic  b u d  fo rm a tio n . F u rth er, w h ile  m a n y
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asp cc ts  of th e  early  m o le c u la r  p a tte rn in g  of th e  m c ta - 
n c p h ric  b la s te m a  a rc  in ta c t, ex p ress io n  of S ix2  an d  G d n f  
w as spec ific a lly  affected . T h is  m o rp h o lo g ica l an d  m o 
le c u la r  p h e n o ty p e  is  id e n tic a l to  th a t  rep o r ted  for E y a l  
m u ta n t  k id n e y s  (Xu c t al. 1999) an d  suggests th a t  th e  
H o x l l  p a ra lo g o u s genes d irec tly  im p in g e  o n  th e  pax-  
e y a -s ix  p a th w a y  in  k id n e y  d ev e lo p m en t.

Loss o f  m e ta n e p h r ic  in d u c tio n

In  re tro sp ec t, i t  m ay  n o t s e e m  su rp ris in g  th a t  d is ru p tio n  
of th e  e n tire  H o x l l  p ara lo g o u s group  re s u lts  in  lo ss  of 
m e ta n e p h ric  in d u c tio n . H in d s ig h t a llo w s u s  to  m a k e  
th is  a n a tu ra l  p rog ression , b u t a m o re  in s ig h tfu l rev iew  
of th e  c u rre n t l i te ra tu re  m ig h t n o t suggest th is  o u tco m e . 
F irst, a t le a s t 15 of th e  39  H o x  g en es  a rc  exp ressed  in  th e  
d ev e lop ing  k id n e y  (D avies an d  B rand li 2002). T h e  ch an ce  
th a t  d is ru p tio n  of th re e  of th e s e  15 H o x  genes, a lb e it an  
e n tire  pa ra lo g o u s group , w o u ld  re s u lt in  lo ss  of in i t ia t io n  
of th e  o rgan  is  th e re fo re  n o t in tu it iv e . Secondly , o th e r  
sy s te m s  affec ted  b y  th e s e  m u ta tio n s  a rc  n o t p e r tu rb e d  to  
th is  degree. O f th e  H o x l l  paralogs, for in s ta n c e , H o x a l l  
a n d  H o x d l l  a rc  exp ressed  in  th e  d ev e lop ing  fo rc lim b  
zcugopod, w h e rea s  a ll th re e  p a ra lo g o u s  m e m b e rs  a rc  ex 
p ressed  in  th e  h in d lim b  zcugopod . In  H o x a l l / H o x d l l  
d o u b le  m u ta n ts , th e  u ln a  a n d  rad iu s  a rc  g rea tly  reduced , 
b u t n o t e lim in a te d  (D avis c t al. 1995). T h e  tr ip le  m u 
ta n ts  d e m o n s tra te  a s im ila r  e x te n t of re d u c tio n , b u t n o t 
c o m p le te  loss, in  th e  h in d lim b  zcugopod  as th e  H o x a l l /  
H o x d l l  m u ta n t  fo rc lim b  (D. W c llik  an d  M . C apecch i, 
u n p u b l.j. In  a s tu d y  by  v a n  d en  A k k c r c t al. (2001), loss- 
o f-fu n c tio n  of th e  e n tire  H o x8  p a ra lo g o u s group  (H o x b S , 
H oxcS , an d  H oxdS) re s u lte d  in  a v a rie ty  of tra n s fo rm a 
t io n s  of th e  ax ia l sk e le to n , b u t n o t in  lo ss  of th e s e  e le 
m e n ts . T here fo re , th a t  in d u c t io n  of m e ta n e p h ric  d ev e l
o p m e n t is  a rre s te d  a t its  in i t ia t io n  w ith  100%  p e n 
e tra n c e  w o u ld  n o t h av e  b een  read ily  p red ic ted .

T h e  p re s e n t fin d in g s  leave  open  th e  in te re s t in g  q u e s
t io n  of w h a t fu n c tio n s  o th e r  H o x  g enes arc  p e rfo rm in g  
d u rin g  k id n e y  d e v e lo p m en t. T h e  H o xlO  p a ra lo g o u s 
genes a rc  a lso  s tro n g ly  exp ressed  in  th e  k id n e y  m e s e n 
chym e, an d  m u ta n t  c o m b in a tio n s  of th e s e  genes ex h ib it 
k id n e y  p h e n o ty p e s  (D. W c llik  an d  M . C ap ecch i, u n - 
pub l.j. M iscx p rc ss io n  of H o x d lS  in  th e  p o s te r io r  reg ion  
of th e  em b ry o  cau se s  sev ere  k id n e y  d efec ts  (K m ita  c t al. 
2000). D e te rm in in g  h o w  th e s e  an d  o th e r  H o x  g enes af
fec t k id n e y  d e v e lo p m e n t an d  th e i r  re la tio n sh ip  to  H o x l 1 
fu n c t io n  sh o u ld  p ro v id e  fu r th e r  in s ig h ts  in to  th e  p a t te rn 
in g  of th is  m o d e l organ.

T h e  ro le  o f  H o x l  1 in  th e  p a x -e y a -s ix  p a th w a y

T h e  im p o rta n c e  of th e  p a x -e y a -s ix  tr a n sc r ip tio n a l reg u 
la to ry  h ie ra rc h y  in  o rganogenesis  w as  firs t d e m o n s tra te d  
in  D ro so p h ila  eye d isc  d ev e lo p m e n t (P ignoni c t al. 1997; 
H a id e r c t al. 1998; O h to  c t al. 1999). In  D rosoph ila , g enes 
h o m o lo g o u s  to  E ya  an d  S ix  (eyes a b se n t [eya] an d  s in e  
o cu lis  [so], re spec tive ly ) a rc  d o w n s tre a m  of th e  P ax  h o 
m olog, eye le ss  [ey] (H aider c t al. 1998). E ya  is  in it ia l ly

u p s tre a m  of so, an d  ec top ic  ex p ress io n  of eya  in d u c e s  
ex p ress io n  of so, b u t o n ly  t r a n s ie n t ly  (P ignoni c t al. 
1997). E ya  an d  so  a rc  b o th  req u ired  for in d u c t io n  of ec 
to p ic  eye fo rm a tio n  (P ignoni c t al. 1997; O h to  c t al.
1999). R ecen t s tu d ie s  in  v e rte b ra te s  d e m o n s tra te d  th a t  
th i s  p a th w a y  is  o p e ra tin g  in  m u sc le  d iffe ren tia tio n , 
m o u se  le n s  an d  p laco d e  d e v e lo p m e n t as w e ll as in  in n e r  
ca r a n d  m e ta n e p h ric  k id n e y  d e v e lo p m e n t (Xu c t al. 1997, 
1999; H can u c  c t al. 1999).

T h e  p re s e n t s tu d y  d e m o n s tra te s  th a t  H o x  genes a rc  an  
im p o r ta n t c o m p o n e n t of th e  p a x -e y a -s ix  p a th w a y  in  
m a m m a lia n  k id n e y  d e v e lo p m en t. In  th e  deve lop ing  
m e ta n e p h ro s , th e  H o x l l  p a ra lo g s an d  E y a l  a rc  u p s tre a m  
of S ix2 . Eya p ro te in s  do n o t c o n ta in  D N A  b in d in g  do
m a in s , b u t tra n s lo c a tio n  to  th e  n u c le u s  is  im p o r ta n t for 
th e i r  fu n c tio n , su g g es tin g  th a t  th e y  a rc  lik e ly  to  be  co 
fac to rs  for D N A  b in d in g  an d  tr a n sc r ip tio n a l a c tiv a tio n  
(O hto  c t al. 1999). Indeed , p rev io u s  s tu d ie s  h av e  d e m o n 
s tra te d  th a t  Eya can  b in d  to  Six p ro te in s  a n d  can  a c tiv a te  
d o w n s tre a m  genes (for rev iew , sec  K aw ak am i c t al.
2000). A  m o d e l c o n s is te n t w ith  th e  c u rre n t s tu d y  an d  
p rev io u s  d a ta  is  th a t  th e  H o x l l  an d  E y a l p ro te in s  to 
g e th e r  a c tiv a te  S ix2  ex p ress io n  in  th e  m e ta n e p h ric  b la s 
te m a . T h is  a c tiv a tio n  co m p lex  m a y  a lso  in c lu d e  Pax2, as 
d irec t in te ra c t io n s  b e tw e e n  eye less  ( the  D ro so p h ila  P ax  
hom olog) an d  th e  s in e  o cu lis  (so, th e  D ro so p h ila  S ix  h o 
m olog) e n h a n c e r  reg io n  h av e  b een  rep o r ted  (N iim i c t al.
1999).

W ith  re sp ec t to  G d n f  reg u la tio n , lo ss-o f-fu n c tio n  of 
Pax2, E y a l ,  or H o x l l  p a ra logs a ll re s u lt in  th e  lo ss  of 
G d n f  ex p ress io n  (T orres c t al. 1995; X u c t al. 1999; th is  
study). O f th ese , o n ly  Pax2 h as  b een  sh o w n  to  b in d  a t th e  
G d n f  lo cu s  (Brophy c t al. 2001). Pax2 m u s t n o t be  su ffi
c ie n t to  a c tiv a te  G d n f  exp ression , h o w ev er, b ecau se  
P ax2  ex p ress io n  is  n o rm a l in  b o th  th e  E y a l  an d  th e  
H o x l l  m u ta n ts  (Xu c t al. 1999; th is  study). In  c o n tra s t, 
S ix2  ex p ress io n  is  m iss in g  in  b o th  of th e s e  m u ta n ts  (Xu 
c t al. 1999; th is  study). B ased on  th e  above d a ta  an d  th e  
re p o r te d  in tra rc g u la tio n  w ith in  th is  group , a c o m b in a 
tio n  of th e s e  p ro te in s  in c lu d in g  Pax2, E y a l, Six2, an d  
H o x l l  co u ld  th e n  re g u la te  th e  ex p ress io n  of G D N F  a t 
th e  ap p ro p ria te  p o s itio n  for m e ta n e p h ric  in d u c tio n  an d  
su b se q u e n t d ev e lo p m en t.

A lth o u g h  th e  d e ta ils  of th e  spec ific  p ro te in  in te ra c 
t io n s  o ccu rr in g  in  th is  sy s te m  re m a in  to  b e  defined , th e  
p re s e n t fin d in g s p ro v id e  c lea r in s ig h t in to  th e  m o le c u la r  
b asis  of " p o s itio n a l v a lu e ."  T h is  te rm , a lo n g  w ith  "p o 
s i tio n a l id e n ti ty ,"  h a s  b een  w id e ly  u se d  to  desc rib e  th e  
ro le  of H o x  g enes in  th e  dev e lo p in g  em bryo . H ow ever, 
p ro v id in g  a m o le c u la r  e x p la n a tio n  fo r th i s  o b se rv a tio n  
h a s  b een  e lu s ive . H o x l 1 p a ra lo g o u s genes a rc  exp ressed  
a t th e  co rrec t t im e  a n d  a t  th e  ap p ro p ria te  p o s itio n  along  
th e  A -P ax is  for in i t ia tin g  m e ta n e p h ric  k id n e y  fo rm a
tio n . By co n tro llin g , d ire c tly  o r in d ire c tly , th e  ex p ressio n  
of G d n f  in  th is  reg ion , th e  H o x  g enes d e te rm in e  th e  A -P 
lo c a tio n  for m e ta n e p h ric  k id n e y  in d u c tio n  an d  th u s  p ro 
v id e  th is  o rgan  w ith  th e  co rrec t " p o s itio n a l v a lu e ."  
O th e r  m e m b e rs  of th is  reg u la to ry  p a th w ay , su c h  as 
Pax2, E y a l,  an d  S ix2 , a rc  exp ressed  in  m a n y  reg ions 
a lo n g  th e  A -P em b ry o n ic  axis. By c o u p lin g  w ith  th e  ap-
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p ro p r ia tc  H o x  genes to  c o n tro l u n iq u e  d o w n s tre a m  ta r 
get g ene  exp ression , in  th is  case  G d n f, th e  w h o le  reg u 
la to ry  sy s te m  a cq u ire s  th e  co rrec t p o s itio n a l va lue .

C o n s is te n t w ith  th e  h y p o th e s is  th a t  m u ltip le  H o x  
genes m ay  be  u sed  as a n  in te g ra l c o m p o n e n t of th e  pax-  
e y a -s ix  p a th w ay , E y a l  lo ss-o f-fu n c tio n  m u ta n ts  p h eno - 
copy n o t o n ly  th e  H o x l  1 k id n e y  p h en o ty p e , b u t m an y  
o th e r  H o x  m u ta n t  p h en o ty p es . For exam p le , E y a l  m u 
ta n ts  a n d  H o xa 2  m u ta n ts  e x h ib it c le ft p a la te  (R ijli c t al. 
1992; G cn d ro n -M ag u irc  c t al. 1993; X u c t al. 1999). C ra 
n io fac ia l d cfcc ts  lik e  th o se  rep o rted  for H o xa 3  m u ta n ts  
(C h isak a  an d  C a p c c c h i 1991) an d  se v e n th  b ra n c h io m o to r  
dcfcc ts s im ila r  to  H o x b l  m u ta n ts  (G oddard  c t al. 1996) 
arc  a lso  rep o rted  in  E y a l  m u ta n t  m ic e  (Xu c t al. 1999). 
D e fec tiv e  ce rv ica l v e rteb rae  (i.e., a tla s  an d  ax is dcfccts) 
s im ila r  to  H o x d 3  m u ta n ts  (C ond ic  a n d  C ap ccch i 1993) 
an d  th o ra c ic  v e rte b ra l dcfcc ts s im ila r  to  H o x 7  an d  H o x 9  
pa ra logous m u ta n t  p h e n o ty p e s  a rc  a lso  observed  in  E y a l  
m u ta n t  m ic e  (C h en  c t al. 1998; C h e n  an d  C a p c c c h i 1999; 
Xu c t al. 1999). C o m p c llin g ly , m ic e  w ith  ta rg e te d  d is ru p 
tio n  of E y a l,  H o x a l ,  P ax2, o r G d n f  sh o w  a rre s te d  m o r
ph o g en esis  of th e  in n e r  ca r (C h isak a  c t al. 1992; T o rre s  ct 
al. 1995; M o o re  c t al. 1996; P ich c l c t al. 1996; S an ch ez  ct 
al. 1996; X u c t al. 1999), a n d  m ic e  m u ta n t  for E y a l,  
H o xa 3 , o r P ax9  a rc  a th y m ic , ap a ra th y ro id , a n d  h av e  re 
du ced  th y ro id  g lands (C h isak a  an d  C ap ccch i 1991; P e te rs  
c t al. 1998; X u c t al. 1999). T h e se  o b se rv a tio n s  su p p o rt 
th e  h y p o th e s is  th a t  H o x  in te ra c t io n  in  th e  p a x -e y a -s ix  
p a th w a y  m ay  b e  u se d  in  m u ltip le  c o n te x ts  d u rin g  m a m 
m a lia n  d ev e lo p m en t.

In  su m m a ry , w e  h av e  d e m o n s tra te d  th a t  H o x l  1 
pa ra logous genes a rc  req u ired  fo r m c ta n c p h ric  k id n e y  in 
d u c tio n . T h is  fu n c t io n  of H o x l  1 genes w as rev ea led  o n ly  
a f te r  th e  e n tire  para lo g o u s g roup  w as d is ru p ted . C o n tro l 
of th is  in d u c t iv e  p ro cess  is  a c c o m p lish e d  a t  th e  m o le c u 
la r  lev e l by  reg u la tin g  th e  ex p re ss io n  of S ix2  a n d  G d n f, 
th u s  rev ea lin g  a ro le  for th e  H o x l  1 genes in  th e  pax-eya -  
s ix  tra n sc r ip tio n a l cascade  in  m c ta n c p h ric  k id n e y  dev e l
o p m en t. T h e  e x ten s iv e  s im ila r i tie s  of p h e n o ty p e s  b e 
tw e e n  m ic e  m u ta n t  for E y a l,  a  p ro p o sed  p a r tn e r  fo r Six2 , 
an d  m u ltip le  rep o rted  H o x  lo ss-o f-fu n c tio n  m u ta n ts  su g 
gest th a t  H o x  p a r tic ip a tio n  in  th is  reg u la to ry  p a th w a y  
m ay  be  u se d  in  o th e r  d ev e lo p m e n ta l co n te x ts . F u rth e r  
s tu d ie s  u s in g  m u ltip le  H o x  a lle le s , m o le c u la r  ana ly s is , 
an d  g e n e tic  in te ra c t io n  s tu d ie s  w ith  E y a l  m u ta n t  a n i
m a ls  w ill  te s t  th is  h y p o th e s is . In co rp o ra tin g  d iffe ren 
tia lly  exp ressed  H o x  genes in to  th is  reg u la to ry  cascade  
w o u ld  p ro v id e  a  m o le c u la r  m e a n s  of co n fe rrin g  H o x-  p o 
s i tio n a l reg u la to ry  in fo rm a tio n  to  th e  fo rm a tio n  of m u l
tip le  s tru c tu re s  a n d  o rgans a lo n g  th e  A -P axis.

M aterials and methods

PCR genotyp ing

Prim er se ts  used to  d istingu ish  betw een  w ild-type and m u ta n t 
alleles: H o x a ll ,  5 ’-G C T G G C T T T T A T C T G A A G C C G G -3’ (for
ward), 5 ’-CTCCCA A TTCCA G TA G G CTG G A -3’ (reverse), 5 ’-TT 
G T T C A G A C TA C A A T C T G A C C -3’ (neo); H o x c ll ,  5 ’-G C A G T 
T A C A G C A G T G G A T T T C C -3 ' (forward), 5 ’-TG A G C TTTC A G

W e llik  e t  a l.

C G A C T G G G T T G -3’ (reverse), 5 ’-C G C G C TC G A G A TG TG C  
TG C A A G G C G A T TA A -3’ (neo); Hoxd11, 5 ’-C T TT T TT C C TA  
T C T C A G T G C C A G -3’ (forward), 5 ’-G G G G TA C A TC C TG G A  
G T T C T C A -3 ' (reverse), 5 ’-TTC A A G C C C A A G C T T TC G C G  
A G -3' (neo).

E m bryonic  h is to lo g y

Em bryos w ere dissected in PBS, fixed in B ouin 's for less than  24 
h  and dehydrated  th rough  graded alcohols and stored  in 70% 
ethanol a t 4°C. Em bryonic m em branes w ere used for genotyp
ing. Em bryos w ere vacuum -em bedded in paraffin, sectioned  a t 5 
jam and sta ined  w ith  h em atoxy lin  and eosin.

TU N EL assay, im m u n o h is to c h e m is tiy , and  in  s itu  
h yb rid iza tio n

TU N EL analysis w as perform ed on paraffin-sectioned em bryos 
using  th e  In Situ Cell D eath  D e tec tion  K it (Flourescein, Enzo).

For im m u n o ch em istry , em bryos w ere fixed in 4%  paraform 
aldehyde in PBS, processed as paraffin sections, and deparaf- 
finized. P a x l an tibod ies (BAbCO, now  Covance) w ere used in a 
1:25 to  1:50 d ilu tion  on paraffin sections. W tl  an tibodies (Santa 
Cruz) w ere used a t a 1:4 to  1:5 d ilu tion  on paraffin sections.

In s itu  hybrid ization  procedures follow ed standard  w hole 
m o u n t p ro toco ls (M anley and C apecchi 1995; G oddard e t al. 
1996) th rough  th e  probe w ash. W hole em bryos w ere then  
w ashed th rough  a sucrose g rad ien t to  30% , then  frozen in O C T  
and sectioned. A nti-digoxigenin an tibody  (Boehringer-M ann- 
heim ) w as added to each PBS-washed slide  a t a d ilu tion  of 1:
2000, and slides w ere developed in NBT/BCIP. G d n f in s itu  
hybrid ization  analysis w as perform ed w ith  th e  addition  of th ree  
independent digoxigenin-labeled probes, PCR -cloned (TOPO 
C loning, Invitrogen) from th e  3 ' u n tran s la ted  region. T h e  se
quences w ere am plified from reverse-transcribed cDNA , su b 
cloned and labeled by  standard  m ethods. P rim ers used for am 
plification  are as follows:

Set 1, 5’-gacttgggtttgggctatga -3' and 5'-gcgtcttcaaacacgtgaaa-3';
Set 2, 5 '-tgggctcaacttttgctacc-3' and 5'-cccaagagctagaggctgtg-3';
S e t3, 5'-cgagggtccattctcttcag-3' and 5'-tgggcaaggatagaggaaga-3'.
A t least th ree  to  four m u ta n t em bryos w ere used  for each 

experim ent.
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