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We have i s o l a t e d  two c l o s e l y  r e l a t e d  cDNhs, Chox-7 and Chox-8, encoding 
homeodomain-containing p r o t e i n s  homologous to Drosophi la  msh. The Chox-7 and 
Chox-8 genes are  chicken cognates  of mouse Uox-7.1 and flox-8.1, r e s p e c t i v e l y .  
In s i t u  h y b r i d i z a t i o n  us ing  3' reg ions  of the cDNAs as probes r e v e a l e d  t ha t  
the Chox-7 gene i s  h i g h l y  expressed  in  the mesenchyme sub jacen t  to  the a p i c a l  
ec todermal  r i dge  whereas Chox-8 express ion  i s  l o c a l i z e d  in the a n t e r o d i s t a l  
mesenchymal reg ion  a t  e a r l y  s t ages  of limb format ion ,  sugges t i ng  d i f f e r e n t  
r o l e s  dur ing  limb development.  At l a t e r  s t a g e s ,  both genes are  expressed  in  
the  a n t e r i o r  and p o s t e r i o r  mesenchymes and in  the i n t e r d i g i t a l  mesenchyme 
where programmed c e l l  death occurs .  © 1992 hcademic Press, Inc. 

Homeobox-containing genes encode r e g u l a t o r s  of t r a n s c r i p t i o n  which p lay  

key r o l e s  in  p a t t e r n  format ion  dur ing  v e r t e b r a t e  development (1-3) .  Express ion 

of s e v e r a l  homeobox genes was demonstra ted in the limb bud with a s p e c i f i c  

s p a t i o t e m p o r a l  p a t t e r n .  The homeobox genes at  the 5' end of the Hox-4 (Chox-4 

fo r  the chick  genes) complex are  expressed  in the deve lop ing  limb of the mouse 

and ch ick  embryos with an a n t e r o p o s t e r i o r  c onc e n t r a t i on  g r a d i e n t  se t  up by a 

s i g n a l  from the p o l a r i z i n g  reg ion  (4-6) .  The members of the Chox-4 complex are  

e c t o p i c a l l y  induced in  the a n t e r i o r  mesenchyme dur ing  d i g i t  d u p l i c a t i o n  by 

g r a f t i n g  the  p o l a r i z i n g  reg ion  or a r e t i n o i c  a c i d - c o n t a i n i n g  bead (5 ,6 ) .  The 

homeobox genes at  the 5 '  end of the Hox-1 (Chox-1 for  the chick  genes) complex 

are  a l so  expressed  in the deve lop ing  chick limb (7).  The Chox-1 genes are  

i m p l i c a t e d  in the  p r o x i m o d i s t a l  p a t t e r n  format ion ,  s ince  each gene i s  

s e q u e n t i a l l y  expressed  with a p r o x i m o d i s t a l  g r a d i e n t  in the limb bud. 

A member of another  c l a s s  of homeobox genes,  Hox-7.1, which encodes 

homeodomain homologous to  the Drosophi la  msh, has been shown to be expressed  

in  the d i s t a l  mesenchyme of the mouse limb bud a t  e a r l y  s t ages  of development 

(8 ,9 ) .  The Hox-7.1 gene i s  sugges ted  to  p l ay  an impor tant  r o l e  in the 
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p r o x i m o d i s t a l  l imb outgrowth r e s u l t i n g  from s h o r t - r a n g e  e p i t h e l i a l - m e s e n c h y m a l  

i n t e r a c t i o n .  In  t h i s  s tudy ,  we i s o l a t e d  two m s h - r e l a t e d  homeobox genes ,  Chox-7 

and Chox-8, from the ch icken  embryo, and compared t h e i r  e x p r e s s i o n  p a t t e r n s  in  

the  d e v e l o p i n g  l imb by i n  s i t u  h y b r i d i z a t i o n  to d i f f e r e n t i a t e  t h e i r  f u n c t i o n s .  

We found t h a t  the  e x p r e s s i o n  p a t t e r n  of the  Chox-7 gene d i f f e r s  s p a t i a l l y  and 

t e m p o r a l l y  from t h a t  of the  Chox-8 gene,  a l though  the  Chox-7 and Chox-8 genes 

encode s i m i l a r  homeodomain p r o t e i n s .  

M a t e r i a l s  and Methods 

F e r t i l i z e d  ch ick  eggs (White Leghorn) were i n c u b a t e d  a t  38°C fo r  3 to 4 
days,  and po ly (h )  RNAs were e x t r a c t e d  from e i t h e r  whole embryos or l imb buds 
u s i n g  Fas t  Track ( I n v i t r o g e n e ) .  Double s t r a n d e d  cDNhs were s y n t h e s i z e d  
a c c o r d i n g  to  the  Gubler-Hoffman method (10) u s i n g  mix tu re  of random pr imer  and 
o l i g o ( d T ) ,  and l i g a t e d  wi th  EcoRI-XmnI adaptor  (New England B i o l a b s ) .  A f t e r  
k i n a s i n g  ends,  the  cDNAs were c loned  i n t o  lambda gt lO.  

Phage l i b r a r y  DNA was p repared  from l i q u i d  l y s a t e ,  and used a t  f i r s t  as a 
t e m p l a t e  fo r  a m p l i f i c a t i o n  of a s h - r e l a t e d  homeobox genes by polymerase cha in  
r e a c t i o n  (PCR). The sequences  of o l i g o n u c l e o t i d e  pr imers  were as f o l l o w s :  5 ' -  
AACCGCAAGCCCAGGACGCCT-3' f o r  ups t ream r e g i o n ,  and 5'-CTTAGCGCGACGGTTCTGGAA-3' 
fo r  downstream r e g i o n .  PCR was c a r r i e d  out  a t  a n n e a l i n g  t empera tu re  of 40oc 
fo r  35 c y c l e s .  The PCR produc t s  were c loned  i n t o  pGF~TZf(+) and sequenced by 
the  dideoxy c h a i n - t e r m i n a t i o n  method (11) u s i n g  the  Sequenase k i t  (USB). 

Approximate ly  0.5 m i l l i o n  recombinant  phages were sc reened  wi th  the  165 
n u c l e o t i d e s  (n t )  f ragment  o b t a i n e d  by PCR a m p l i f i c a t i o n  under  medium 
s t r i n g e n c y  c o n d i t i o n s .  B r i e f l y ,  the  f i l t e r s  were h y b r i d i z e d  a t  42°C in  a 
s o l u t i o n  c o n t a i n i n g  50~ formamide, 5 X SSPE, 5 X D e n h a r d t ' s  s o l u t i o n ,  0.1 mg 
m1-1 d e n a t u r e d  salmon sperm DNA, 0.1~ SDS and 3 2 p - l a b e l e d  probe DNA f o r  16 h. 
The f i n a l  washes of the  f i l t e r s  were performed i n  2 X SSPE and 0.1~ SDS at  
42oc. 

The p rocedures  fo r  i n  s i t u  h y b r i d i z a t i o n  were d e s c r i b e d  p r e v i o u s l y  (12) .  

Resu l t s  and D i s c u s s i o n  

I s o l a t i o n  and i d e n t i f i c a t i o n  of Chox-7 and Chox-8 eDNAs 

The PeR-ampl i f i ed  DNA, 165 n t ,  encodes m s h - r e l a t e d  homeodomain e x a c t l y  

i d e n t i c a l  to  the  mouse Box-7.1.  Using the  DNA as a probe,  we o b t a i n e d  t o t a l  of 

s i x  independen t  phage c lones  from the  ch ick  eDNA l i b r a r y ,  termed M1, M8, M9, 

MIO, Mll and M13 (F ig .  1) .  The p h y s i c a l  map (Fig .  1) and n u c l e o t i d e  sequence 

i n d i c a t e  t h a t  c lones  M8, M9 and M13 were de r i ve d  from the  same mRNA and the  

remainders  were from ano the r  mRNA. We have d e s i g n a t e d  the  former as Chox-7 

because  of e x t e n s i v e  s i m i l a r i t y  i n  the  deduced amino ac id  sequence wi th  the 

mouse Hox-7.1 sequence (8) .  The l a t t e r ,  d e s i g n a t e d  here  as Chox-8, was 

r e c e n t l y  i s o l a t e d  from the  ch ick  l i b r a r y  (13) ,  and shown to  be c l o s e l y  r e l a t e d  

to  mouse Box-8.1 and q u a i l  Quox-7 r a t h e r  than  mouse Hox-7.1 (Fig .  2) .  Thus, 

the  DNA probe h y b r i d i z e d  wi th  two d i f f e r e n t  cDNhs, because  the  homeobox 

sequence of Chox-7 i s  85~ homologous to t h a t  of Chox-8, e s p e c i a l l y  35 n t  

s t r e t c h  of comple t e ly  i d e n t i c a l  n u c l e o t i d e  sequence p r e s e n t  i n  the  5 ' - h a l f  

r e g i o n  of the  homeobox (13).  
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Fig. 1. Physical  map of the Chox-7 and Chox-8 cDNhs. The coding region is  
boxed, and the homeobox Is indicated by a hatched box. Clones M1 to M13 are 
a l igned with respect  to the PCR amplif ied probe shown on the top (PCR). These 
overlapping c~ones were used for  sequencing, and d i f f e red  only 5' and 3' ends 
in each subclass.  Extents of probes used for in s i tu  hybr id iza t ion  (ISH) are 
shown below the composite cDNA maps. 

At amino a c i d  l e v e l ,  t he  o v e r a l l  sequence  of  Chox-7 i s  on ly  55% 

homologous t o  Chox-8 (F ig .  2) ,  whereas the  Chox-7 sequence i s  80% and 67% 

homologous to  the  Hox-7.1 and Xhox-7.1 sequences ,  r e s p e c t i v e l y  ( 8 , 1 4 ) ,  and the  

Chox-8 sequence  i s  98%, 83% and 73% homologous to  the  Quox-7, nox -8 .1  and 

Xhox-7 .1 '  s equences ,  r e s p e c t i v e l y  (13-16) .  Sequence c o n s e r v a t i o n  o u t s i d e  of  

the  homeodomain sugges t  t h a t  the  m s h - r e l a t e d  homeobox genes i d e n t i f i e d  in  the  

v e r t e b r a t e  can be s u b d i v i d e d  i n t o  a t  l e a s t  two s u b c l a s s e s ,  Hox-7 and nox-8 .  

Only two c o n s e r v a t i v e  s u b s t i t u t i o n s  a r e  no ted  in  the  homeodomain sequence ,  but  

t h e y  do not  c o n t r i b u t e  to  the  c l a s s i f i c a t i o n  of  Hox-7 and Box-8 (F ig .  2 ) .  

In  t he  mouse and z e b r a f i s h ,  t h r e e  d i f f e r e n t  homeobox genes of  t he  msh 

c l a s s  were i d e n t i f i e d  by PCR a m p l i f i c a t i o n  o f  genomic DNA (17) .  Our s c r e e n i n g  

of  t h e  c h i c k  embryo eDNA l i b r a r y  under low s t r i n g e n c y  c o n d i t i o n ,  however ,  d id  

not  y i e l d  any a d d i t i o n a l  c l o n e s  o t h e r  than Chox-7 and Chox-8. We do not  know 

whether  the  t h i r d  member of  the  msh c l a s s  may not  be e x p r e s s e d  s i g n i f i c a n t l y  

d u r i n g  v e r t e b r a t e  deve lopment ,  and f u r t h e r  e l u c i d a t i o n  i s  n e c e s s a r y .  
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.................... L---- .... A ...... S--G ..... A ..................... * 

................. . ........ T-. -PT ..... T-N .... QA--~qS-M ...... L ....... S* 

............... SG. -SLP--INS-. IQA ..... T-Y--H-PV--IP ..... ATP ........ S* 
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Fig .  2. Alignment of the  amino ac id  sequence of Chox-7 and Chox-8 p r o t e i n s  
wi th  mouse, q u a i l  and Xenopus cogna t e s .  Sequences from the  f o l l o w i n g  sources  
a re  a l i g n e d  by eyes wi th  Chox-7: mouse Hox-7.1 and Hox-8.1 (8 ,16 ) ,  ch i ck  Chox- 
8 (13) ,  q u a i l  Quox-7 (15) and Xenopus Xhox-7.1 and Xhox-7.1 '  (14) .  Amino ac id  
T d e n t i t i e s  wi th  Chox-7 a re  r e p r e s e n t e d  by dashes .  Gaps a re  i n d i c a t e d  by dots  
to  improve t he  sequence a l i g n m e n t .  Homeodomalns a re  boxed. 

E x p r e s s i o n  o f  t h e  Chox-7  and  Chox-8  g e n e s  d u r i n g  l i m b  d e v e l o p m e n t  

I t  i s  i m p o r t a n t  t o  know t h e  f u n c t i o n a l  d i f f e r e n c e  o f  t h e  c l o s e l y  r e l a t e d  

C h o x - 7  and  Chox-8  g e n e s .  We t h e r e f o r e  e x a m i n e d  w h e t h e r  t h e  two g e n e s  a r e  

e x p r e s s e d  d i f f e r e n t i a l l y  d u r i n g  d e v e l o p m e n t .  From c o m p a r i s o n  o f  t h e  e n t i r e  

n u c l e o t i d e  s e q u e n c e s ,  we u s e d  3 '  r e g i o n s  o f  t h e  Chox-7  and  Chox-8  cDNAs, 594 

n t  and  501 n t  l o n g ,  r e s p e c t i v e l y ,  a s  t e m p l a t e s  f o r  s y n t h e s i z i n g  s i n g l e -  

s t r a n d e d  RNA p r o b e s  ( F i g .  1 ) .  T h e s e  p r o b e s  do n o t  c r o s s - h y b r i d i z e  e a c h  o t h e r ,  

s i n c e  t h e r e  i s  o n l y  a s h o r t  s t r e t c h  o f  s i m i l a r i t y  i n  t h e  n u c l e o t i d e  s e q u e n c e ,  

w h i c h  i s  n o t  l o n g e r  t h a n  12 n t  e v e n  i n  t h e  3 '  h a l f  o f  t h e  homeobox owing  t o  

t h e  d i f f e r e n t i a l  u s a g e  o f  c o d o n s .  

At  s t a g e s  19 t o  23 ( 1 8 ) ,  d i f f e r e n t i a l  e x p r e s s i o n  o f  t h e  Chox-7  and  Chox-8  

g e n e s  was mos t  e v i d e n t  ( F i g .  3 ) .  The Chox-7  t r a n s c r i p t s  were  l o c a l i z e d  i n  t h e  

m e s o d e r m a l  r e g i o n  u n d e r n e a t h  t h e  a p i c a l  e c t o d e r m a l  r i d g e  (hER) ,  t h e  p r o g r e s s  

z o n e ,  w h e r e  m l t o g e n l c  a c t i v i t y  i s  known t o  b e  s u s t a i n e d  b y  s i g n a l i n g  f r o m  t h e  
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Fig .  3. D i f f e r e n t i a l  e x p r e s s i o n  p a t t e r n  of  Chox-7 and Chox-8 a t  e a r l y  s t a g e s  
of  l imb deve lopment .  Le f t  p a n e l s ,  b r i g h t - f i e l d  v iews;  middle  p a n e l s ,  da rk -  
f i e l d  v iews fo r  Chox-7; r i g h t  p a n e l s ,  d a r k - f i e l d  views fo r  Chox-8. A-C, 
s a g i t t a l  s e c t i o n s  of the  l e g  bud a t  s t a g e  19; D-F, o b l l q u e - s a g i t t a l  s e c t i o n s  
of t h e  l e g  bud a t  s t a g e  20; G-I ,  S a g i t t a l  s e c t i o n s  of the  wing bud a t  s t a g e  
23. A b b r e v i a t i o n s :  a ,  a n t e r i o r ;  p, p o s t e r i o r ;  ad, a n t e r o d o r s a l ;  pv, 
p o s t e r o v e n t r a l .  Pane l s  D-F, in  which the  AER i s  shown by an arrowhead,  a re  
m a g n i f i e d  two f o l d  as compared wi th  the  o t h e r  p a n e l s .  Sca le  bar  = 0 .5  mm. 
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hER. S l i g h t l y  h i g h e r  Chox-7 s i g n a l s  were o b s e r v e d  in  t he  d o r s a l  mesoderm than  

i n  t he  v e n t r a l  mesoderm, a l t h o u g h  the  s i g n a l s  were much i n t e n s e  in  t he  d i s t a l  

mesoderm s u b j a c e n t  to  t he  a p i c a l  e c t o d e r m a l  r i d g e .  The Chox-7 e x p r e s s i n g  

mesodermal  c e l l s  a r e  w i t h i n  t h e  s h o r t  d i s t a n c e  from the  hER, and g r a d i e n t  of  

t h e  s i g n a l  i n t e n s i t y  i s  o b s e r v e d  a l o n g  p r o x i m o d i s t a l  a x i s  bu t  no t  

a n t e r o p o s t e r i o r  a x i s ,  as  o b s e r v e d  f o r  t he  mouse l imb bud ( 8 , 9 ) .  Th is  i n d i c a t e s  

t h a t  t he  e x p r e s s i o n  of  t he  Chox-7 gene i s  c o r r e l a t e d  wi th  p a t t e r n i n g  a l o n g  

p r o x i m o d i s t a l  a x i s  p r i m a r i l y  under  t h e  c o n t r o l  of  t he  AER, and t h a t  s i g n a l i n g  

f o r  t h e  i n d u c t i o n  of  Chox-7 e x p r e s s i o n  i s  s h o r t  r ange .  

On t h e  o t h e r  hand,  t h e  Chox-8 e x p r e s s i o n  domain in  t he  e a r l y  l imb 

mesoderm i s  a n t e r i o r l y  l o c a l i z e d  w i t h i n  t he  Chox-7 e x p r e s s i o n  domain ( F i g .  3 ) ,  

i m p l i c a t i n g  a d i f f e r e n t  mechanism f o r  r e g u l a t i n g  the  Chox-8 e x p r e s s i o n .  

S i m i l a r  bu t  not  i d e n t i c a l  r e s u l t s  have been r e p o r t e d  in  t he  mouse l imb bud 

(19) .  F o l l o w i n g  two mechanisms can be p o s t u l a t e d  to  accoun t  f o r  t he  l o c a l i z e d  

e x p r e s s i o n  of  t h e  Chox-8 e x p r e s s i o n .  F i r s t l y ,  c e l l s  c o n t a i n i n g  a p o s i t i v e  

r e g u l a t o r  f o r  t he  Chox-8 gene a r e  l o c a l i z e d  in  the  a n t e r i o r  r e g i o n  of  t he  l imb 

bud,  i n d e p e n d e n t  o f  t he  hER s i g n a l i n g .  Second ly ,  in  a d d i t i o n  to  t he  AER f a c t o r  

which a c t i v a t e s  t he  Chox-8 e x p r e s s i o n  as  f o r  t he  Chox-7 gene,  a n o t h e r  f a c t o r  

o r i g i n a t i n g  from the  p o s t e r i o r  r e g i o n  r e g u l a t e s  n e g a t i v e l y  t he  Chox-8 

t r a n s c r i p t i o n .  F o l l o w i n g  l i n e s  of  e v i d e n c e  s u g g e s t  t h a t  t h e  second  mechanism 

i s  f e a s i b l e .  The a n t e r o p o s t e r i o r  l imb a x i s  i s  d e t e r m i n e d  by s i g n a l i n g  from the  

p o s t e r i o r  mesoderm, t he  p o l a r i z i n g  r e g i o n ,  not  from the  a n t e r i o r  mesoderm (3 ) .  

R e t i n o i c  a c i d  t r e a t m e n t  of  t he  a n t e r i o r  margin  c e l l s  c o n f e r r i n g  the  p o s t e r i o r  

pheno type  r educes  t he  Chox-8 e x p r e s s i o n  in  the  a n t e r i o r  mesoderm (13) .  Both 

Hox-7.1  and Hox-8.1 genes  a r e  a c t i v a t e d  by a s i g n a l  from the  hER (19) .  Reduced 

Chox-8 s i g n a l s  w i t h i n  t he  Chox-7 e x p r e s s i o n  domain a r e  c o r r e l a t e d  wi th  t he  

p o l a r i z i n g  a c t i v i t y ;  d i f f e r e n t i a l  e x p r e s s i o n  of  the  Chox-7 and Chox-8 genes i s  

most e v i d e n t  o n l y  when and where t h e  p o l a r i z i n g  a c t i v i t y  i s  maximum ( F i g .  3 ) .  

I t  i s  l i k e l y ,  t h e r e f o r e ,  t h a t  t he  Chox-8 e x p r e s s i o n  i s  under  t he  p o s i t i v e  

c o n t r o l  o f  t he  AER f a c t o r  and t h e  n e g a t i v e  c o n t r o l  of  t he  p o l a r i z i n g  f a c t o r .  

A f t e r  s t a g e  26, t h e  e x p r e s s i o n  p a t t e r n  of  Chox-7 d i d  not  d i f f e r  

s i g n i f i c a n t l y  from t h a t  of  Chox-8, a l t h o u g h  the  Chox-7 s i g n a l s  were 

d i s t r i b u t e d  a b u n d a n t l y  in  t he  b r o a d e r  r e g i o n s  than  the  Chox-8 s i g n a l s  ( F i g .  

4 ) .  In  a d d i t i o n  to  t he  mesenchymal r e g i o n  unde rne a th  t h e  a p i c a l  ec tode rm,  

t r a n s c r i p t s  of  bo th  genes were o b s e r v e d  in  the  a n t e r o p r o x i m a l  and 

p o s t e r o d i s t a l  r e g i o n s  and in  t he  i n t e r d i g i t a l  r e g i o n ,  as  o b s e r v e d  in  t he  o t h e r  

v e r t e b r a t e s  ( 8 , 9 , 1 5 ) .  At s t a g e  31 and l a t e r ,  t he  Chox-7 and Chox-8 e x p r e s s i o n s  

became p r o g r e s s i v e l y  r e s t r i c t e d  to  t he  mesenchyme s u r r o u n d i n g  c a r t i l a g e s  and 

bones ( F i g .  4 ) .  S ince  the  e x p r e s s i o n  domain o v e r l a p s  t he  a p o p t o t i c  zone 

( f o r m e r l y  c a l l e d  n e c r o t i c  z o n e ) ,  bo th  genes may be c o r r e l a t e d  w i th  t he  

programmed c e l l  d e a t h .  However, t h e r e  i s  c o n f l i c t i n g  o b s e r v a t i o n ,  as  f o l l o w s .  
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Fig. 4. Expression pa t te rn  of Chox-7 and Chox-8 at l a t e  stages of limb 
development. Left panels,  b r i g h t - f i e l d  views; middle panels, da rk - f i e ld  views 
for Chox-7; r igh t  panels,  da rk - f l e ld  views for Chox-8. A-C, the wing bud at 
s tag e 27, D-F, the leg  bud at stage 29; G-I, the wlng bud at stage 31; J-L, 
the wing bud at stage 36. Abbreviation: f ,  fea ther  bud. Scale bar = 0.5 mm. 

The Chox-7 and Chox-8 t r a n s c r i p t s  a r e  absen t  in  the  i n t e r n a l  a p o p t o t i c  zone 

between the  p r e sumpt ive  r a d i u s  and u lna  p o s s i b l y  because  of  the  absence  of  

i n d u c t i v e  s i g n a l  from the  AER. On the  c o n t r a r y ,  a l l  the  Chox-7 and Chox-8 

e x p r e s s i n g  c e l l s  a re  not  n e c e s s a r i l y  programmed to  d i e ,  as e v i d e n t  in  t he  

e a r l y  l imb bud. An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  the  Chox-7 and Chox-8 genes 

a re  r e s p o n s i b l e  f o r  p r e v e n t i n g  mesenchymal c e l l s  to  e n t e r  c a r t i l a g e - f o r m i n g  

l i n e a g e .  This  can be e f f e c t e d  by e i t h e r  m a i n t a i n i n g  u n d i f f e r e n t i a t e d  s t a t e  of  

mesenchymal c e l l s  or  e n t e r i n g  i n t o  c e l l  dea th  l i n e a g e .  
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