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Opitz G/BBB syndrome, a defect of 
midline development, is due to mutations 
in a new RING finger gene on Xp22

N a n d ita  A . Q u a d e r i1, S u s a n n  S c h w e ig e r 2, K a r in  G a u d e n z 3, B r u n e lla  F r a n c o 1, E le n a  I. R u g a r li1, W o lfg a n g  B e r g e r 2, 

G e o r g e  J. F e ld m a n 3, M a n u e la  V o lta 1, G ra z ia  A n d o lf i1, S. G ilg e n k r a n tz 4, R o b e r t  W . M a r io n 5, 

R a o u l C .M . H e n n e k a m 6, l o h n  M . O p it z 7, M a x im il ia n  M u e n k e 3, H . H ilg e r  R o p e r s2,8 & A n d r e a  B a l la b io 1

Opitz syndrome (OS) is an inherited disorder characterized by midline defects including hypertelorism, hypospadias, 

lip-palate-laryngotracheal clefts and imperforate anus. We have identified a new gene on Xp22, MiD1 (Midline 1), 

which is disrupted in an OS patient carrying an X-chromosome inversion and is also mutated in several OS families. 

MIDI encodes a member of the B-box family of proteins, which contain protein-protein interaction domains, 

including a RING finger, and are implicated in fundamental processes such as body axis patterning and control of 

cell proliferation. The association of MIDI with OS suggests an important role for this gene in midline development

O pitz G/BBB syndrom e (OS; McKusick 145410 an d  300000) is an 
inherited  m ultip le-organ  disorder prim arily  affecting midline 
structures. The disorder was first reported  as two separate en ti 
ties, BBB sy n d ro m e 1 and G syndrom e2. Since then  it has become 

apparen t that the two syndrom es are in fact a  single entity, now  
nam ed  the O pitz  G/BBB syndrom e, OS is characterized by a con- 
v St e l l a t i o n  o f  sym ptom s, including hypertelorism ; clefts o f  lip, 
palate and  uvula; laryngotracheo-oesophageal abnormalities, 
leading to swallowing difficulty and  hoarse cry; genito-urinary  
defects, such as hypospadias in males and splayed labia m ajora in 
females; im perforate  anus; developm ental delay; and congenital 
heart defects. T he  phenotype (Fig. 1) is m ore  com plex and  m ore 
severe in male than  in female patients3" 16. OS is no t only one o f  
several X-linked syndrom ic m ental re tardation  disorders bu t also 
one o f  the few m endelian  inherited  forms o f  cleft lip and  palate, 

A recent linkage study conducted  on  ten  families segregating 
the OS p h en o ty p e  revealed genetic heterogeneity  for this d isor 
der, In th a t  study, the d isorder was linked to  DXS987  in Xp22 in  
three  families, w ith  a lod score o f  3.53 at zero recom bination , 
while it was linked to D22S345  from  ch rom osom e 2 2q l 1.2 in five 
families (ref. 17). C onfirm ation  o f  the X p22  localization came 
from  a second study, in which linkage o f  the OS locus to 
DXS7104  in X p22  was re p o r te d 18. T he  X -linked and  autosom al 
form s o f  the disease can n o t be differentiated on  the basis o f  the  
clinical p h eno typ e '1. Further evidence for an X-linked form o f
OS was provided  by the descrip tion  o f  a large French family in 
which the disease appeared  to co-segregate w ith  a pericentric  
inversion o f  the X ch rom osom e inv(X)(p22.3q26). In this three- 
generation  family, four boys, their m o thers  and  the ir  m aternal 
g ra n d m o th e r  show ed the typical m anifestations of OS, an d  all of 
the sym ptom atic  patients h ad  the X -ch rom osom e inversion19. 
T he  com bina tion  o f  linkage an d  inversion b reakpo in t data ind i 

cated Xp22.3 as the critical region for the OS gene.
As the anom alies observed in OS p r i m a r i l y  affect m id line  

structures, it has been p roposed  that genes im p o r ta n t  to h u m a n  
developm ent, such as zinc-flnger genes, w ould be good can d i 
dates for O S 17. To identify the X-linked OS gene, we u n d e r to o k  a 
positional cloning approach  to precisely localize th e  inversion 
b reakpo in t an d  identify transcribed  sequences from  the  
region20,21. O u r efforts led to the identification o f  a new  gene, 
M ID I  (M idline 1 ), which spans the OS inversion b reakpo in t. 
The M ID I p ro te in  belongs to a family o f  transcrip tiona l regu la 
tors tha t con tain  p ro te in -p ro te in  in teraction  dom ains  and  have 
been  im plicated in fundam enta l processes such as body  axis p a t 
te rn ing 22" 25 an d  cell transfo rm ation26,27. The identification o f  
m uta tions  in affected individuals dem onstra tes that M ID I  is the 
gene for X-linked OS.

Fine localization of the Xp22 inversion breakpoint
A n X -chrom osom e pericentric inversion, w ith  b reakpo in ts  in 
X p22  and  Xq26, was found in affected individuals from  a twenty- 
m em ber OS family19. To localize the X p22 inversion breakpoin t, 
we perfo rm ed  fluorescence in situ hybridization (FISH) on  ch ro 
m osom e spreads from individuals carrying the inverted X ch ro 
m osom e and  a norm al control, using as probes YAC clones 
know n to  m ap  to Xp22  (ref. 2 0 ). The overlapping YACs 184F6 
and  61B3 (ref. 20) gave two signals on the inverted X c h ro m o 
som e (on Xp22 and Xq26), indicating that they spanned  the 
b reakpo in t (data n o t show n). C osm id  clones from  the reg ion  
covered by YAC 184F6 (ref. 28 and Cox et al., subm itted) were 
then  hybridized by FISH to chrom osom e spreads from  affected 
individuals carrying the inverted X chrom osom e, and subse 
quently  to digested genomic DNA derived from  affected and n o r 
m al individuals. The results indicate that the Xp22 inversion
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b r e a k p o i n t  lies w i th in  th e  reg io n  o f  o v e r lap  b e tw e e n  c o s m id  

U 1 4 3 A 1 0  a n d  U 2 0 2 D 1 1 (Fig. 2). We o b se rv e d  a n  a b n o r m a l  b a n d 

in g  p a t t e r n  b y  h y b r id iz in g  a p o o l  o f  th re e  EcoRI su b c lo n e s  d e r iv ed  

f r o m  c o s m id  U 1 4 3 A 1 0  to  d iges ted  g e n o m ic  D N A  f ro m  affec ted  

in d iv id u a ls  c a r r y in g  th e  in v e r te d  X  c h r o m o s o m e ,  as c o m p a r e d  to  

a n o r m a l  fe m a le  c o n t ro l  (d a ta  n o t  sh o w n ) .

Isolation of MIDI cDNA clones
D u r i n g  o u r  e f fo r t s  to  c o n s t r u c t  a t r a n s c r ip t io n  m a p  o f  th e  X p 2 2  

r e g io n ,  w e  p e r f o r m e d  e x o n - t r a p p in g  e x p e r im e n t s  o n  th e  cos-  

m i d s  c o n t a i n e d  in  a p re v io u s ly  d e sc r ib e d  c o n t ig 28. Several ex o n -  

t r a p p i n g  p r o d u c t s  w ere  iden t if ied .  S e q u e n c e  analysis  o f  tw o  

e x o n - t r a p p i n g  p r o d u c t s  (6 H  a n d  10a) d e r iv e d  f r o m  c o s m id  

U 2 3 2 B 2  (Fig. 2) revea led  n u c le o t id e  s e q u e n c e  id e n t i ty  w i th  a 

c lu s te r  o f  s e v e n te e n  o v e r la p p in g  ESTs. T h is  c lu s te r  o f  ESTs h a d  

p r e v io u s l y  b e e n  m a p p e d  to th e  large in te rv a l  b e tw e e n  DXS1223 

a n d  DXS999  i n  X p 2 2  (ref. 29). A  1 .8-kb in f a n t  b r a i n  c D N A  c lo n e  

( c - l z h l O )  c o n t a in in g  ESTs Z 4 4 4 1 7  a n d  Z 4 0 3 4 3  w as  u sed  as a 

h y b r id i z a t i o n  p r o b e  ag a in s t  a d i f fe ren t ia ted  h N T 2  n e u r o n  cD N A  

lib ra ry ,  a n d  tw e n ty - th r e e  p r i m a r y  po s i t ive  c lo n es  w ere  iso la ted ,  

s e v e n  o f  w h ic h  w ere  r a n d o m l y  se lec ted  fo r  f u r t h e r  s tudy. U s in g  

b o t h  c D N A -sp e c i f ic  a n d  v e c to r  p r im e rs ,  w e  c h a ra c te r iz e d  these  

s e v e n  c D N A  c lo n e s  by  e n d - s e q u e n c in g ,  r e s t r i c t io n  m a p p i n g  a n d  

P C R .  A c o n s e n s u s  c D N A  s e q u e n c e  o f  3 ,452 b p  w as a ssem b led .  

W e  v a l id a te d  t h e  a u th e n t i c i ty  o f  th e  5 '  e n d  o f  th e  c D N A  by 

s e q u e n c in g  th e  c o r r e s p o n d in g  g e n o m ic  region* T h e  p u ta t iv e  i n i 

t i a t i o n  c o d o n  w a s  id e n t i f ie d  a t  p o s i t io n  187 b p  a n d  is lo c a te d  

w i th in  a n u c le o t id e  s e q u e n c e  t h a t  fulfils Kozak 's  c r i te r ia 30. A n  i n 

f r a m e  s to p  c o d o n  (T G A ) w as  d e te c te d  48 n u c le o t id e s  u p s t r e a m  

o f  th is  p u t a t iv e  in i t i a t io n  c o d o n .  T h e  first d o w n s t r e a m  in - f r a m e  

s to p  c o d o n  ( T G A )  w as  id e n t i f ie d  a t  n u c le o t id e  p o s i t io n  2188, 

r e s u l t in g  in a c o d i n g  re g io n  o f  2,001 b p  w i th  a p r e d ic te d  p r o te in  

p r o d u c t  o f  667  a m in o  ac ids  (Fig. 3a). P r e l im in a r y  c h a ra c te r iz a 

t i o n  o f  a d d i t i o n a l  cD N A  c lo n es  suggests  t h a t  M ID I  is su b jec t  to 

ex ten s iv e  a l te rn a t iv e  sp l ic in g  in  th e  5 '  U T R  (d a ta  n o t  s h o w n ) .  N o  

sp l ice  v a r i a n t s  i n  th e  M ID I  c o d in g  reg io n  have  b e e n  d e tec ted .

An X-chromosome inversion associated with OS 
disrupts MIDI

H y b r id iz a t io n  o f  th e  co m p le te  MIDI  cD N A  to YAC clones assigned 

to  th e  X p 2 2  r e g io n  revealed th ree  positive  c lones  (YACs 184F6, 

6 1 B3 a n d  N B 2E 12) k n o w n  to  m a p  in th e  in terval be tw een  

DXS1136  a n d  DXF22S5  (ref. 20), c o n ta in in g  the  O S inversion  

b r e a k p o in t  (d a ta  n o t  sh o w n ) .  FISH analysis w i th  the  fu ll- length  

M ID I  cD N A  o n  a c h ro m o s o m e  sp read  derived  f ro m  a m ale  cell line 

sh o w ed  a  u n iq u e  signal o n  X p22, ind ica t ing  th a t  MIDI  rep resen ts  a 

s in g le -co p y  X -l in k ed  locus  (d a ta  n o t  sh o w n ) .  EcoR l-d igested  cos 

m id  c lo n es  f r o m  th e  reg ion  covered  by YAC 184F6 w ere  hybr id ized

T E L

Fig. 1 A  p a t ie n t  w i t h  X - l i n k e d  O S. Th is 

p a t ie n t  b e lo n gs t o  f a m i l y  O S1 6  (p a t ie n t  

1644). Th e  h y p e r t e lo r ism , t e le ca n t h i ,  m i ld  

e n t r o p io n  o f  lo w e r  e y e l id , h ig h  n asa l b r id g e  

an d  su r g ica l ly  co r r e ct e d  c le f t  l ip  ar e  e v id e n t .

inv(X)
(|>22.3q2<i)

BA3S

YAC 184F6 / A
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I

f
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w ith  the  fu ll- leng th  M ID I  cD N A .

T h e  c o sm id  c lones  U 232B 2, U 1 1 D 6 ,

U 239F12 , U 8 D 1 1 ,  U 2 0 2 D 1 I  a n d  

U 76 G 1 2  w ere  o b se rv ed  to  b e  pos it ive  

(Fig. 2). T h e  MIDI  g e n o m ic  locu s  

spans  a to ta l  o f  e leven o v e r la p p in g  

c o sm id  clones, r e p re s e n t in g  a p p ro x i 

m a te ly  300 kb  (Fig. 2). H y b r id iz a 

t io n  us ing  su b c lo n e s /o l ig o n u c le o t id e  p ro b e s  d e r iv e d  f r o m  th e  5 '  

a n d  3 '  reg ions  o f  th e  M ID I  c D N A  d e m o n s t r a t e d  th a t  the  d i r e c t io n  

o f  t r a n s c r ip t io n  is o r ie n ta te d  f r o m  th e  c e n t r o m e r e  to  X pter ,  w i th  

the  initial m e th io n in e  c o d o n  lo ca ted  in c o s m id  U S D  11 (Fig, 2). 

Together, these  d a ta  d e m o n s t r a te  th a t  th e  5 '  e n d  o f  M ID I  s p a n s  th e  

OS invers ion  b re a k p o in t ,  su g g es t in g  th a t  the  d isease  p h e n o t y p e  

displayed by  in d iv id u a ls  c a r ry in g  the  inver ted  X c h r o m o s o m e  is 

cau sed  by  im p a i r e d  M ID I  t r a n s c r ip t io n .  F u r th e r m o r e ,  S o u th e r n -  

b lo t  analysis o f  D N A  f r o m  so m a tic -ce l l  h y b r id s  r e ta in in g  the  

a b n o r m a l  X  c h r o m o s o m e  revealed  th a t  MIDI  is d e le ted  in  tw o  

fem ale p a t ien ts  (BA95 a n d  BA333; ref. 31, pers. c o m m .)  w i th  de 

novo Xp22;Yql 1 t r a n s lo c a t io n s  (d a ta  n o t  s h o w n ) .

MIDI expression
T h e  MIDI  c D N A  w a s  h y b r id i z e d  a g a in s t  c o m m e r c ia l ly  av a i lab le  

n o r t h e r n  b lo ts  c o n t a i n i n g  p o ly A ’1" R N A  e x t r a c te d  f r o m  a v a r i e ty  

o f  fetal a n d  a d u l t  h u m a n  t is su es  (Fig. 4^,/?). A - 7 - l c b  t r a n s c r i p t  

a n d  a fa in te r  ~ 3 .5 - k b  t r a n s c r i p t  w ere  o b s e rv e d  in  all t is sues  p r e s 

en t .  In  fetal o rg a n s ,  th e  k id n e y  s h o w e d  th e  h ig h e s t  level o f  M ID I  

e x p re s s io n ,  fo l lo w ed  b y  b r a in  a n d  lu n g .  MIDI  a p p e a r s  to  be  

ex p ressed  a t  re la tively  lo w  levels in  fetal liver. In  th e  a d u l t  t is sues ,  

MIDI  e x p re s s io n  is m o s t  a b u n d a n t  in th e  h e a r t ,  p l a c e n ta  a n d  

b ra in .  We in v e s t ig a te d  MIDI  e x p re s s io n  in  a n  a f fe c te d  m a le  f ro m  

th e  fam ily  c a r r y in g  th e  p e r i c e n t r i c  X - c h r o m o s o m e  in v e rs io n .  

R T -P C R  ana lys is  s h o w e d  a b s e n c e  o f  MIDI  e x p r e s s io n  in th e  a f 

fec ted  m a le ,  w h e re a s  a n  a m p l i f i c a t io n  p r o d u c t  o f  e x p e c t e d  size 

w as  seen  in  th e  c o n t r o l  ( d a t a  n o t  s h o w n ) .  A  c o n t r o l  R T -P C R ,  

u s in g  p r im e r s  d e r iv e d  f r o m  a n  i n d e p e n d e n t  locus ,  w as  p e r 

f o r m e d  in  p a ra l le l  a n d  a m p l i f i e d  b o t h  th e  a f fec ted  a n d  u n a f 

fec ted  in d iv id u a ls  ( d a t a  n o t  s h o w n ) .

To b eg in  inves t iga t ing  the  s p a t io - te m p o ra l  e x p re s s io n  p a t t e r n  o f  

MIDI  d u r i n g  d e v e lo p m e n t ,  we iso la ted  a p a r t ia l  m u r i n e  c D N A  

a n d  p e r f o r m e d  p r e l im in a r y  R N A  in situ h y b r id iz a t io n  s tu d ie s  o n  

w h o l e - m o u n t  m o u s e  e m b ry o s .  T h e s e  e x p e r im e n t s  c o n f i r m e d  th a t

M id i  is u b iq u i to u s ly  t r a n s c r ib e d  a t  a n  ea r ly  

s tage  ( e m b r y o  day  10.5), w i th  th e  e x c e p t io n  o f  

th e  d e v e lo p in g  h e a r t  (Fig* 5c). N o tab ly ,  M id i  

e x p re s s io n  w as  f o u n d  to b e  h ig h e s t  in  th e  first 

a n d  s e c o n d  b ra n c h ia l  a rches ,  a lo n g  b o t h  th e  

p r o x im o - d i s t a l  (Fig. Safi)  a n d  m e d io - l a t e r a l  

axes (Fig. 5c). W e d id  n o t  d e te c t  a n y  e x p re s s io n  

s ignals  ab o v e  b a c k g r o u n d  level b y  u s in g  th e  

sense  p r o b e  as a  c o n t ro l  (d a ta  n o t  s h o w n ) .

C E N

BA 951ÌA333

i /

611

m MIDI
ATG

Fig. 2  Ph y sica l  m a p  o f  t h e  Xp 2 2 .3  r e g io n  co n t a in in g  t h e  M ID I ge n e . Th e  p o si t io n , st a r t  co d o n  an d  

d i r e c t io n  o f  t r a n sc r ip t io n  o f  t h e  M IDI ge n e  ar e  in d ica t e d . Th e  e xo n  t r a p p in g  p r o d u ct s 6H an d  10a are  

sh o w n  as sh o r t  h o r izo n t a l  l in es. Th e  Xp 2 2 .3  b r e a k p o in t  o f  t h e  p e r ice n t r ic  in v e r sio n  (X)(p 2 2 .3 q 2 6 )  asso 

c ia t e d  w i t h  OS is in d ica t e d  b y  a j a g g e d  v e r t ica l  l in e , as ar e  t h e  d e le t io n / t r a n slo ca t io n  b r e a k p o in t s o f  

p a t ie n t s BA 3 8 , BA 9 5  an d  BA 3 3 3  (r e f . 60). Co sm id  c lo n e s ar e  in d ica t e d  as f i l l e d  (LLN L l ib r ar y )  o r  h o l lo w  

(RLD B l ib r a r y )  h o r izo n t a l  b ar s (r e f . 28  an d  Co x e t  a/ M su b m i t t e d ) . Th e  g e n o m ic  r e g io n  i l lu st r a t e d  is 

co n t a in e d  in  YA C c lo n e  184F6.

MIDI encodes a RING-finger protein
A n aly s is  o f  t h e  c o n s e n s u s  MID I  c D N A  se 

q u e n c e  s h o w e d  t h a t  the  p r e d i c t e d  M I D I  a m 

i n o - a c id  s e q u e n c e  sh a re s  h o m o l o g y  w i t h  a 

fa m ily  o f  p r o t e in s  c o n t a in in g  a t r i p a r t i t e  p r o -  

t e i n - p r o t e i n  in t e r a c t io n  m o t i f  c o n s i s t in g  o f  a 

R IN G -f in g e r ,  B -b o x  ( o n e  o r  tw o  c o p ie s )  a n d

286 nature genetics volume 17 november 1997



article

"  1 M E T l* E s E L T ED P I 0 U E L F E D P 2 0

2 1 L L L P 0 A Q D S L 0 F N 0 A H R I L V S 4 0

4 1 H C A T N E s V E s I T A F Q 0 P T E l H 6 0

6 1 II V I T L S Q R G L D G L K R N V T L Q 8 0

8 1 N r I D R F Q K A 2 V S G P N S P S E T 1 0 0

1 0 1 K R E R A F D A W T H T 5 A E K V L m Q 1 2 0

1 2 1 F m D 0 D P A Q D A V K T 0 V T 0 E V S 1 4 0

1 4 1 Y E l D E 0 L K A T lüD P N K K P F T G E l R 1 6 0

1 6 1 L I E P I P D S H I R G L M S L E E 3 E D 1BQ

1 8 1 B K V N H Y 0 V T D D 0 L I B A L 0 K L 2 0 0

2 0 1 V G H Q D R D Q D Q V A A b S E R Y D K L K 2 2 0  - s

2 2 1 0 N L E S N L T » L I K R N T E L E T L 2 4 0

2 4 1 L, A K L I Q T C Q H V E V N A S R Q E A 2 6 0

2 6 1 K L T E E C
t

D L b I E 1 I 0 0 H R Q I I 2 8 0

2 8 1 G t K I K E G K V M R L R K L A Q Q I A 3 0 0

3 0 1 N c K Q C I E R G A 5 L I E Q A t H S I- 3 2 0

3 2 1 K E U D H A K F h Q T A K H I T E n V S 3 4 0

3 4 1 H A T A 5 S Q V h I P E I W L N D T F D 3 6 0

3 6 1 T F A L D F S R E K K L L E C L D Y L T 3 8 0

3 8 1 A P N P P T I R E E L C T A S Y D T X T 4 0 0

4 0 1 V H W T 5 D D C F S V V S Y E L Q Y T I 4 2 0

4 2 1 F T G 0 A M V V S L C N 5 A D 5 W H I V 4 4 0

4 4 1 P N I K 0 N II Y T 7 H G L Q S G T K Y I 4 6 0

4 6 1 r M V K A I W 0 A G S H S E E P G K L K

4 8 1 T N S 0 P F K L E) P K D A Et R K L K V S 5 0 0

5 0 1 H D u h T V E R D E S 5 S K K S H T V V E S 2 0

5 2 1 n F T 5 Q G 13 Y G V A G W V F I D 5 G R 5 4 0

5 4 1 n # y w E V V I S G S T W Y A I G L A Y K 5 6 0

5 6 1 5Ì A p K H E W I G K N S A 5 W A L C n C 5 8 0

0 8 1 N N N W V V R H N Jj K E I P X E P A V H 6 0 0

6 0 1 L R R V G I L L D Y D N G S X A F Y D A 6 2 0

6 2 1 t. N S 1 M U Y T F D V A F A Q P V C P T 6 4 0

6 4 1 F T V w N K C L T I 1 T G L P I P D H L 6 6 0

5 6 1 D C T E 0 L P * 6 6 7

RIN G

FIN G ER

B B O X ES

C O ILED - C O IL

D O M A IN

Fig. 3 M ID I p r o t e in  se q u e n ce , a, Pr e d ic t e d  M ID I a m t n o -  

acid  se q u e n ce . Th e  co n se r v e d  cy st e in e  a n d  h i s t i d i n e  

r e sid u e s in  t h e  RIN G - f in g e r  an d  B-b o x  d o m a in s are  b o x e d .  

Th e  p r e d ic t e d  co i le d -co i l  d o m a in  is u n d e r l in e d , as ar e  t h e  

t h r e e  co n se r v e d  r e g io n s o f  t h e  C- t e r m in a l  d o m a in . Th e  in - 

f r a m e  3 -b p  d e le t io n  (AM 4 3 8 ) is sh o w n  in  b o ld ;  t h e  si t e  o f  

t h e  2 4 -b p  t a n d e m  d u p l i ca t io n  (1 7 8 7 in s2 4 b p ) is i n d i c a t e d  

b y  t h e  si t e  o f  a sin g le  b ase  p a i r  in se r t io n  (1 7 4 4 in sG )  is 

in d ica t e d  b y  v , b, M u l t ip le -se q u e n ce  a l ig n m e n t  o f  c o n 

se r v e d  m o t i f s in  t h e  C- t e r m in a l  d o m a in . Re sid u e s co n se r v e d  

in  m o r e  t h a n  5 0 %  o f  p r o t e in s ar e  sh o w n  in b o ld .  T h e  p r o 

t e in s M ID I,  Ro / SSA, Ef p , PW A 3 3 , RFP a n d  Xn f 7  al l  b e lo n g  t o  

t h e  B-b o x  f a m i ly . B u t y r o p h i l in  also  co n t a in s t h e  co n se r v e d  

C-t e r m in a l  m o t i f s, a l t h o u g h  i t  d o e s n o t  co n t a in  t h e  o t h e r  

ch a r a c t e r ist ic  f e a t u r e s o f  t h e  B-b o x  f a m i ly .
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c o i le d -c o i l  d o m a i n s  (F ig . 3a).  T h e  c o n s e n s u s  R I N G - f in g e r  

s e q u e n c e  c o n t a in s  sev en  c o n s e r v e d  cy s te in e  re s id u es  a n d  a s in 

gle c o n s e r v e d  h i s t id in e  r e s id u e  in  the  fo l lo w in g  fo rm a t :  

C X X C X ( 9 - 2 7 ) C X ( 1 - 3 ) H X X C X X C X ( 4 - 4 8 ) C X X C ,  w h e re  X  m a y  

b e  a n y  a m i n o  a c id 32, M I D I  also  c o n t a in s  tw o  co p ie s  o f  a B -b o x  

z i n c - b i n d i n g  d o m a i n ,  i m m e d i a t e l y  fo l lo w e d  b y  a l e u c in e - r i c h  

c o i le d -c o i l  d o m a i n .  T h e  B -b o x  c o n s e n s u s  s e q u e n c e  c o n s is t s  o f  

sev en  c o n s e r v e d  c y s t e in e /h i s t i d in e  r e s id u e s .  T h e  f irs t  M I D I  B- 

b o x  c o n t a i n s  a n  a d d i t i o n a l  c o n s e r v e d  c y s te in e  r e s id u e  ( p o s i t i o n  

137), p r e s e n t  in  a s u b s e t  o f  t r i p a r t i t e  d o m a i n - c o n t a i n i n g  p r o 

te in s .  A n  a d d i t i o n a l  s t r e t c h  o f  a m i n o - a c i d  c o n s e r v a t i o n  in  th e  

C - t e r m i n a l  r e g io n  w as  a lso  n o t e d  b e tw e e n  M I D I  a n d  f iv e - t r i 

p a r t i t e  m o t i f - c o n t a i n i n g  p r o te in s .  T h e  f u n c t i o n a l  

s ig n i f ic a n c e  o f  th i s  r e g io n  is u n k n o w n .  T h i s  c o n 

s e rv e d  C - t e r m i n a l  r e g io n  is also p r e s e n t  in  b u t y 

r o p h i l in ,  a n  u n r e l a t e d  p r o t e in  l a c k in g  all  t h e  

c h a ra c te r i s t ic  e l e m e n t s  o f  t h e  t r i p a r t i t e  m o t i f 33 

(Fig. 3b a n d  D is c u s s io n ) .

Mutation analysis in OS patients
To p a r t ly  c h a ra c te r iz e  the  g e n o m ic  s t r u c tu r e  o f  th e  

MIDI  gene, w e p e r f o r m e d  d irec t  s e q u e n c in g  o f  cos-

m id  c lones  U 232B 2, U 1 1 D 6 , U 2 3 9 F 1 2  a n d  U 8 D 1 1, 

o r  o f  EcolU p la s m id  su b c lo n es  d e r iv e d  f ro m  t h e m ,  

u s in g  o l ig o n u c leo t id e s  d es ig n ed  f ro m  th e  MID I  

c o n se n su s  c D N A  sequence .  O l ig o n u c le o t id e  p r i 

m e rs  w ere  d e s ig n e d  in th e  f la n k in g  i n t r o n i c  s e 

q u e n c e s  o f  tw o  c h a ra c te r iz e d  e x o n s  to a l lo w  P C R  

a m p l i f ic a t io n  a n d  s u b s e q u e n t  S S C P  analysis  o f  t h e  

MIDI  c o d in g  re g io n s  a n d  sp lice  sites f r o m  O S  

p a t ie n ts  a n d  c o n tro ls .  W e p e r f o r m e d  p r e l i m i n a r y  

m u t a t i o n  analysis  o f  th e  tw o  c h a ra c te r iz e d  e x o n s  

o n  22 i n d e p e n d e n t  O S fam ilies  in  w h ic h  X - i in k e d  

in h e r i t a n c e  w as p o ss ib le  b u t  n o t  c o n f i r m e d .  T h r e e  

SSCP b a n d - s h i f t s  seg reg a t in g  w i th  a f fec ted  i n d i v i d 

ua ls  f r o m  th re e  O S  p ed ig rees  w e re  id e n t i f ie d .  T h e  

first b a n d - s h i f t  w as  o b se rv e d  w i t h  a 2 4 6 - b p  P C R  

p r o d u c t  (u s in g  p r im e r s  T O -3 8 3 5  a n d  T 0 - 3 8 7 0 )  

s p a n n in g  n u c le o t id e s  1 4 7 2 -1 6 3 3  o f  th e  c o d i n g  

reg io n .  T h e  tw o  o th e r  b a n d - s h i f t s  w e re  b o t h  

o b s e rv e d  w i th  a 3 4 5 -b p  P C R  p r o d u c t  ( u s in g  

p r im e r s  T 0 - 3 8 6 9  a n d  T 0 - 3 8 2 5 )  s p a n n in g  n u c 

leo t ides  1 6 3 4 -1 8 4 4  o f  the  c o d in g  reg io n .  S e 

q u e n c in g  th e  MIDI  P C R  p r o d u c t s  d e r iv e d  f r o m  

affec ted  in d iv id u a ls  revealed  th r e e  m u ta t i o n s ,  all o f  

w h ic h  re su l t  in  a b n o r m a l i t i e s  in  th e  C - t e r m i n a l  

reg io n  o f  t h e  M I D I  p r o te in  (F ig . 3a). T h e  f irs t  

m u t a t i o n  to  b e  d e te c te d  (u s in g  p r i m e r s  T O - 3 8 3 5

------------- —  a n d  T O -3 8 7 0 )  in  a n  a ffec ted  m a le  (1.290, f a m i ly

OSS) w as a n  in - f r a m e  3 - b p  d e l e t io n  (A M 4 3 8 ) ,  r e 

s u l t in g  in th e  ab sen ce  o f  a m e t h i o n i n e  re s id u e  f r o m  

th e  M I D I  p ro te in  (Fig. 3a). O n  SSC P analysis ,  th e  b a n d - s h i f t  

c a u s e d  b y  th e  d e le t io n  w as  seen  to  segrega te  w i th  all five o f  t h e  

a ffec ted  in d iv id u a ls  te s ted  a n d  w as  a b s e n t  in  all  six u n a f f e c t e d  

in d iv id u a ls  in  fam ily  OSS. T h e  a d d i t io n  o f  a s in g le  G n u c l e o t i d e  

(1 7 4 5 in sG )  w as o b se rv e d  in  a n  a ffec ted  m a le  (1644 ,  fa m ily  O S  16; 

Figs 3 £z,6 a ) .  T h e  re su l t in g  f ra m e s h i f t  p r o d u c e s  a p r e m a t u r e  s to p  

c o d o n  a t  p o s i t io n  1795, t r u n c a t i n g  th e  MIDI  g e n e  p r o d u c t  b y  1 3 1 

a m i n o  ac ids  in  the  c o n s e rv e d  C - t e r m in a l  d o m a i n  (Figs 3^,/?)* T h e  

a ffec ted  m o t h e r  (1642) was f o u n d  to  b e  h e te r o z y g o u s  fo r  t h e  

m u t a t i o n  (Fig. 6a).  A n  affected  m a le  (1676 , f a m i ly  O S 2 0 )  d i s 

p lay ed  a t a n d e m  d u p l i c a t io n  o f  24 b p  (1 7 8 7 in s 2 4 b p ) ,  r e s u l t in g  in  

th e  i n s e r t io n  o f  e ig h t  a m in o  ac ids  (F ID S G R H L ) a t  p o s i t io n  5 3 4  o f
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Fig. 6 M u t a t io n s o f  M ID I in  O S f a m i l i e s,  a, Fa m i ly  O S1 6 , Se q u e n ce  a n a ly sis r e ve a ls t h e  a d d i t i o n  o f  a sin g le  G n u c le o t id e  (a r r o w ) in  a f f e c t e d  so n , 1 64 4 , a n d  

a f f e c t e d  h e t e r o zy g o u s m o t h e r , 1642 . N o t e  p r e se n ce  o f  d o u b le  p e ak s in  f e m a le  p a t ie n t  1642  d o w n st r e a m  o f  t h e  in se r t io n  si t e  d u e  t o  t h e  p r e se n ce  o f  b o t h  n o r 

m al a n d  o u t -o f - f r a m e  a l le le s. W T, co n t r o l  w i ld - t y p e  a l le le , b, Fam i ly  0 5 2 0 . Se q u e n ce  a n a ly sis r e v e a ls a 2 4 -b p  d u p l i ca t io n  (sq u ar e  b r ack e t s)  in  a f f e c t e d  so n , 1 6 7 6 , 

a n d  a f f e c t e d  h e t e r o zy g o u s m o t h e r , 167 4 . N o t e  p r e se n ce  o f  d o u b le  p e a k s in  p a t ie n t  1 6 7 4  d o w n st r e a m  o f  t h e  d u p l i c a t io n  d u e  t o  t h e  p r e se n ce  o f  b o t h  n o r m a l  

an d  m u t a n t  a l le le s. W T, co n t r o l  w i ld - t y p e  a l le le .

g a tin g  w ith  the d isease  in  a large p e d ig r e e 19, and  is m u ta ted  in  

th ree  in d e p e n d e n t  OS fa m ilie s . A m o n g  th e  m u ta t io n s  fo u n d , a 
d u p lic a t io n  and  an in se r t io n  create a m a jo r  ch a n g e  in  th e  M ID I  

p r o te in  p r o d u c t  b y  d isr u p tin g  th e  h ig h ly  co n serv ed  C -term in a l 
d o m a in . In  th e  first case , th e  m u ta t io n  ca u ses  a d u p lic a t io n  o f  

e ig h t a m in o  acid s w ith in  th e  s e c o n d  c o n se r v e d  C -term in a l m o 

tif. In  th e  s e c o n d  case, th e  1 -b p  in se r t io n  p r o d u c e s  a fra m esh ift  

th a t ca u ses  p rem atu re  te r m in a t io n  o f  th e  M ID I  p ro te in  an d  

d e le t io n  o f  th e  last tw o  C -te r m in a l m o tifs . T h ese  m u ta tio n s  
s tro n g ly  su p p o r t  an  im p o r ta n t  fu n c t io n a l ro le  for th e  C -term in a l 

d o m a in . T h is  is a n e w  c o n c e p t , as m o s t  p r e v io u s  s tu d ies  o n  p r o 

te in s  b ea r in g  th e  tr ip artite  m o t i f  have c o n c e n tr a te d  o n  th e  fu n c 

t io n  o f  th e  R IN G  fin ger  a n d  th e  B -b o x , n o t  o n  th e  C -te rm in a l  

r eg io n  o f  th e se  p ro te in s .

M ID I  is c o m p le te ly  d e le te d  in  tw o  fem a le  p a tien ts  (B A 95  a n d  

B A 3 3 3 ) w ith  de novo X p 2 2 ;Y q l 1 tr a n s lo c a t io n s , resu ltin g  in  v ery  

large (m o r e  th a n  10 M b ) te r m in a l X p  d e le t io n s  (ref. 31 , pers. 
c o m m ) .  T h e  X -c h r o m o s o m e  b r e a k p o in ts  o f  th ese  tw o  tr a n s lo 

c a t io n s  fall ju s t  c e n tr o m e r ic  to  th e  5 ' e n d  o f  th e  g en e  (F ig . 2 ) . 

T h e se  fem a le  p a tien ts  s h o w  s y m p to m s  h ig h ly  su g g estiv e  o f  O S, 

su c h  as d y sm o r p h ic  face, a b n o r m a l ex tern a l g en ita lia , im p e r fo 

rate a n u s  a n d  d e v e lo p m e n ta l  delay. S evera l o f  th ese  a n o m a lie s  

— su c h  as im p e r fo r a te  a n u s , h y p e r te lo r ism , laryn gea l w eb  an d  
card iac  m a lfo r m a t io n s — h ave b e e n  r e p o r te d  in  o th e r  fem a les  

ca rry in g  e v e n  larger te r m in a l d e le t io n s  o f  X p 2 2  a n d  d isp la y in g  

m o r e  c o m p le x  p h e n o ty p e s ,  su c h  as m ic r o p h th a lm ia  w ith  lin ea r  

sk in  le s io n s  a n d  A icard i o r  G o ltz  s y n d r o m e 44”47. T h ese  f in d in g s  

su g g e s t  th a t  th e  c o m p le x  p h e n o ty p e  o f  th ese  p a tie n ts  is d u e  to  a 
c o n t ig u o u s -g e n e  sy n d r o m e , a llo w in g  fo r  th e  first t im e  th e  d is 

s e c t io n  o f  th e  c lin ica l sp e c tr u m  o f  th e se  p a tie n ts  by a t t r ib u t io n  

o f  s o m e  s y m p to m s  to  d e le t io n s  to  M ID I.

P o ss ib le  r o le  o f  M ID I  in  m id l in e  d e v e lo p m e n t. M o st  s y m p to m s  

o f  O S  are d u e  to  m id lin e  fu s io n  d efects. For in s ta n c e , w id e ly  

sp aced  eyes m a y  be p ro d u c e d  b y  a fa ilure o f  m ig r a t io n  o f  th e  
orb its  tow ard s th e  m id lin e , clefts in  the lip , p a la te  a n d  

tr a c h e a /o e so p h a g u s  b y  a d efect in  c lo su re  o f  th e  facial a n d  p h a 

ryn gea l p ro cesses , a n d  h y p o sp a d ia s  b y  a d e fe c tiv e  fu s io n  o f  u r e 

thral fo ld s. In general, th ese  sy m p to m s  su g g e st  a d e fe c t iv e  

p a ttern in g  o f  m id lin e  e le m e n ts  a lo n g  th e  m e d io - la te r a l a x is , 
resu ltin g  in  an e x p a n s io n  o f  th e  m id lin e . A  n u m b e r  o f  g e n e s  

active in  m id lin e  p a ttern in g  h ave b een  id e n tif ie d , a n d  s o m e  o f  
th e m  h ave b e e n  im p lic a te d  in  h u m a n  g e n e t ic  d isord ers. F or  

e x a m p le , m u ta t io n s  in  th e  z in c -fm g e r  GLI3 g e n e  ca u se  G reig  

sy n d r o m e , w h ic h  is ch aracter ized  b y  h y p e r te lo r ism  a n d  pre- a n d  

p o st-a x ia l p o ly d a c ty ly 48. GLI3 is n ega tive ly  reg u la ted  by sonic  

hedgehog ( s h h )49, w h ic h  is ex p ressed  in  th e  m id lin e  s tru ctu res  o f  

b o th  axial m e so d e r m  a n d  th e  ven tra l neural tu b e 50. N o ta b ly , 
m u ta tio n s  o f  SHH  in  h u m a n s  ca u se  a lo ss  rath er  than  an e x p a n 

s io n  o f  m id lin e  tissu e , resu ltin g  in  h o lo p ro se n c ep h a ly , a c o m b i 

n a t io n  o f  severe foreb ra in  and  m id fa c ia l d e fec ts51,52.

P rote in s c o n ta in in g  th e  R IN G -fm g er  and B -b o x  d o m a in s  are  
exp ressed  fro m  a v ery  early stage d u r in g  d e v e lo p m e n t. In  p a r t ic u 

lar, th e  Xenopus laevis X n f7  gen e  is m atern a lly  exp ressed  a n d  is 

reta in ed  in  the cy to p la sm  u n til th e  m id b lastu la  tra n s itio n , w h e n  

it re-en ters the n u c le u s22“25. N o r th e r n -b lo t  analysis o f  M ID I  in  
fetal a n d  ad u lt h u m a n  tissu es revealed  a b road  pattern  o f  ex p r e s 

s io n . P re lim in ary  data  o b ta in ed  b y  R N A  in situ h y b r id iza tio n  o n
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w hole-m oun t m ouse embryos determ ined that M id i  is almost 
ubiquitously  expressed. We detected higher expression levels in 
the branchial arches, correlating with the defective patterning o f 
the skeletal elements within the craniofacial structures.

O u r  data  indicate that m utations in the gene encoding a novel 
m e m b e r  o f  the  B-box family are responsible for X-linked OS. It 
could  be anticipated that the study o f  the function  and  dysfunc 
t io n  of th is  gene in hum ans and model organisms will help clarify 
the m echanism s underlying the establishment and  development 
o f  m id line  structures in vertebrates. Moreover, in identifying the 
M ID I  gene im plicated in OS, we have discovered a new aetio- 
logic factor in  genetically determ ined m ental retardation and 
cleft lip and palate. The search for genes hom ologous to M ID I  

could  be instrum enta l in the discovery o f  the m olecular basis o f 
o th e r  syndrom es associated w ith  mental re tardation  and cleft lip 

a nd  palate, including the chrom osom e 22-linked form  of OS.

Methods
P a tien ts  w ith  O p itz  syndrom e. Three families segregating OS were iden ti 

fied as carry ing  a m u ta tio n  in M ID I . Detailed clinical findings, including 

p h o to g rap h s , w ere previously reported  for k in d red  OS5 (refs 4,17). 

K indred  OS 16 consists of two affected bro thers and  the ir affected m o th e r  

(Fig. 6a). T he  b ro th ers  have sim ilar craniofacial findings, including b ila t 

eral cleft lip  and  palate and  o th e r  characteristic OS facial features, such as 

w idely  spaced eyes, w idow ’s peak and  high nasal bridge (Fig, 1). Both have 

hypospadias; p ro m in e n t  costal arches, giving the tho rax  the appearance o f  

a pectus excavatum ; and  increased space between the th ird  and  fo u rth  f in 

gers. T hey  have a m ild developm ental delay, especially in their speech. 

B oth  are hyperactive. T heir m o th e r  has widely spaced eyes and  is o f  n o r 

m al intelligence. The p ro b an d  in k indred OS20 (Fig. 6b) has hy per 

te lorism , severe hypospadias (penile-scrotal hypospadias) and  respiratory  

p ro b lem s w ith  in sp ira to ry  s tr id o r  due to trachaeom alacia  (a lthough no  

s tru c tu ra l  anom alies  on exam ination). At 3 years o f  age, he was develop 

m e n ta l^  delayed, function ing  at a level o f  mild m ental re tardation . His 

m o th e r  a n d  half-sister bo th  have hypertelorism  and w idow ’s peak. All 

ind iv idua ls  partic ip a ting  in this study were clinically evaluated and  their 

disease s ta tus  w as ascertained before in itia tion  o f  m olecular studies. 

In fo rm e d  co n sen t was ob ta ined  in accordance with the s tandards set by 

local review boards .

S equence  analysis. Sequence analysis was pe rfo rm ed  essentially as p rev i 

ously  described53. C -term inal conserved motifs were detected with M EM E 

softw are54. The predicted  coiled-coil dom ain  was generated w ith  the 

COILS p ro g ra m 53.

C h arac te r iza tio n  o f  M ID I  genom ic  s tru c tu re .  Sequencing  o f  M ID I  cD N A  

clones and  genom ic clones was perfo rm ed  according  to the m a n u fa c tu re r ’s 

reco m m en d a tio n s  (A m ersh am ). Positions o f  in trons  were d e te rm in e d  by 

com parison  o f  genom ic and  cDNA sequences.

H yb rid iza tio n . S ou th ern  and  n o r th e rn  hybrid iza tions were p e rfo rm ed  as 

previously described57.

W h o le -m o u n t  expression  s tud ies . In situ hyb rid iza tion  ex p erim en ts  on  

w h o le -m o u n t m ouse  em bryos were p e rfo rm ed  as p rev iously  d esc rib ed 58. 

C lone ME 10.2 was used  as a tem pla te  for the d igoxygenin-labelled  RNA 

antisense and  sense probes.

M utation  detection . M uta tions were detected by SSCP analysis as previously 

described59. Samples show ing varia tion  were com pared  to those o f  o th er  

family m em bers to assess allele segregation, and  w ith  at least 40 unrela ted  

from  people o f  European descent control samples to distinguish m u ta tio n s  

from  polym orphism s. PCR p ro d u c ts  amplified from  total genom ic DNA 

from  patients dem onstra ting  SSCP variants were run on  1% agarose gels and  

purified with the QIAquick gel extraction kit (Qiagen), Sequencing was p e r 

form ed on an ABI sequencer. T he following prim ers (5 '—>3') were used to 

detect MID I  m utations; TO -3835, CTTGTGCCAAAGAACTGCAC; TO - 

3870, GAG C AG ATAAG AC ATG AC AG; TO-3869, TTG  A A AATATGCTAT - 

TGGTTATG; and TO-3825, AGTACAGAATGAGATGTCC.

G enB ank  accession n u m b e rs .  T he  sequences o f  th e  full-length h u m a n  

M ID I  cDNA (Y13667) an d  the  m o u se  partia l M id i  cD N A  (Y14848) have 

been deposited  in G enB ank. Accession n u m b ers  for e x o n -tra p p in g  p ro d 

ucts 6 H and 10a are Z44417, Z40343, F07967, F04215, R66237, 1167582, 

N25620, N34218, W 90080, W 90206, AA009434, AA009915, AA195713, 

AA195750, AA235258, AA242882 an d  A A 2521647.
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