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Hox genes encode transcription factors that are used to regionalize the mammalian embryo. Analysis of mice carrying 
targeted mutations in individual and multiple Hox genes is beginning to reveal a complex network of interactions among 
these closely related genes which is responsible for directing the formation of spatially restricted tissues and structures. 
In this report we present an analysis of the genetic interactions between all members of the third paralogous group, Hoxa3, 
Hoxb3, and Hoxd3. Previous analysis has shown that although mice homozygous for loss-of-function mutations in either 
Hoxa3 or Hoxd3 have no defects in common, mice mutant for both genes demonstrate that these two genes strongly 
interact in a dosage-dependent manner. To complete the analysis of this paralogous gene family, mice with a targeted 
disruption of the Hoxb3 gene were generated. Homozygous mutants have minor defects at low penetrance in the formation 
of both the cervical vertebrae and the IXth cranial nerve. Analysis and comparison of all double-mutant combinations 
demonstrate that all three members of this paralogous group interact synergistically to affect the development of both 
neuronal and mesenchymal neural crest-derived structures, as well as somitic mesoderm-derived structures. Surprisingly, 
with respect to the formation of the cervical vertebrae, mice doubly mutant for Hoxa3 and Hoxd3 or Hoxb3 and Hoxd3 
show an indistinguishable defect, loss of the entire atlas. This suggests that the identity of the specific Hox genes that are 
functional in a given region may not be as critical as the total number of Hox genes operating in that region.
© 1997 Academic Press

I N T R O D U C T I O N

H o x  genes encode  t r an sc r ip t io n  factors be longing  to  th e  
A n t e n n a p e d i a  h o m e o d o m a in  class. M an  and  m o u se ,  and  
p erhaps  all m a m m a ls ,  co n ta in  39 H o x  genes d is t r ib u te d  on 
four l inkage  groups des igna ted  H ox  A, B, C , and  D . T h is  
o rgan iza tion  is be lieved to  have  arisen  early  in ve r teb ra te  
ph y logeny  by qu ad ru p l ic a t io n  o f  an an ces t ra l  co m p lex  c o m 
m o n  to  v e r teb ra te s  and  in v e r teb ra te s  (H olland  and  G arc ia -  
Fernandez ,  1996). Based on D N A  seq uen ce  s im ila r i t ie s  and 
th e  posi t ion  o f  th e  genes on th e i r  respec t ive  ch ro m o so m e s ,  
in d iv id ua l  m e m b e rs  o f  th e  four l inkage  groups have  been 
classif ied in to  13 para logous fam ilies .  M em b e rs  o f  th e  sam e 
para logous fam ily  share  bo th  D N A  seq uen ce  and  gene e x 
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pression  s im ila r i t ie s .  M u ta t io n a l  analys is  in th e  m o u s e  has 
d e m o n s t ra te d  th a t  th e se  genes are used  to  reg iona lize  th e  
em bryo  a long  its m a jo r  axes (C hisaka  and  C apecch i,  1991; 
Lufkin  et  al., 1991; C h isa k a  e t  al.,  1992; L eM ouell ic  e t  al.,  
1992; C o n d ie  and  C apecch i ,  1993; D o lle  e t  al., 1993; G en- 
d ron-M agu ire  e t  al., 1993; Jeann o t te  e t  al., 1993; R am irez-  
Solis et  al., 1993; Rij li e t  al., 1993; Sm all  and  P o tte r ,  1993; 
D avis  and  C apecch i ,  1994, 1996; K ostic  and  C ap ecch i ,  1994; 
S a tok a ta  e t  al.,  1995; S uem or i  e t  al.,  1995; Barrow and  C a 
pecchi ,  1996; B oulet and  C ap ecch i ,  1996; G oddard  et  al.,  
1996; S tuder e t  al.,  1996; C h e n  and  C ap ecch i ,  1997). T hu s ,  
m u ta t i o n s  in 3 '  H o x  genes affect th e  fo rm a tio n  o f  a n te r io r  
s t ru c tu re s ,  w h ereas  d is rup tio n  o f  5 '  genes gives r ise  to  p o s 
te r io r  ab n o rm a li t ie s .  R eg iona l iza t ion  o f  th e  em b ryo  by H o x  
genes appears to  be acco m p lish e d  by th e  con tro l led  t e m p o 
ral and  spat ia l  ac t iva t io n  o f  th e s e  genes such th a t  a 3 '  gene 
is a c t iv a ted  prio r  to  and  in a m o re  an te r io r  region o f  th e  
em bry o  th a n  its 5 '  ne ighbors  (D ubou le  and  D olle ,  1989; 
G ra h a m  e t  al.,  1989; D u b o u le ,  1994; C apecch i ,  1997). H o w 
ever, H o x  genes fu nc t ion  as h igh ly  in teg ra ted  c ircu i ts  such
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th a t  para logous genes, ad jacen t genes on th e  sam e  l inkage 
group, and  even nonpara log ou s  genes in separa te  l inkage  
groups in te ra c t  posi t ive ly ,  nega tive ly ,  and  in para l le l  w ith  
each o th e r  to  o rch es t ra te  th e  m o rp ho lo g ica l  reg iona l iza t ion  
of th e  em bryo  (Condie and  C apecch i ,  1994; R an co u r t  et  al.,  
1995; D avis  e t  al., 1995; H oran  et  al.,  1995a, b; D avis  and 
C apecch i,  1 996; Favier et  al., 1 996; F ro m e n ta l -R am a in  et  
al.,  1996; H e rau l t  e t  al., 1996; Z a k a n y  and  D u b ou le ,  1996).

In th i s  repor t  w e e x a m in e  th e  in te ra c t io n s  b e tw een  m e m 
bers o f  th e  th i rd  para logous group, H o x a 3 ,  H o x b 3 ,  and 
H o x d 3 .  T h e  p h e n o ty p e s  re su l t in g  from ta rge ted  d is ru p t io n  
of H o x a 3  and  H o x d 3  have  been described (C h isaka  and  C a 
pecchi ,  1991; C o n d ie  and  C apecch i ,  1993). T h is  analys is  
revealed  th a t  d is ru p t io n  o f  H o x a 3  re su l ted  p r im a r i ly  in m e s 
e n c h y m a l  ne u ra l  cres t defects,  w h ereas  H o x d 3  m u t a n t  m ice  
sh ow ed  abn o rm a l i t ie s  in so m it ic  m eso d e rm -d e r iv e d  s t ru c 
tu res .  T h u s ,  H o x a 3  m u t a n t  ho m o zy g o te s  are a th y m ic ,  are 
apara thyro id ,  have  red uced  th y ro id  t is su es ,  and  have  m a l 
fo rm a tio n s  in th ro a t  cart ilages, w hereas  H o x d 3  m u t a n t  
m ic e  show  t r a n s fo rm a t io n s  o f  th e  cerv ica l  vertebrae , C1 
and  C2, w h ic h  acqu ire  ch a rac te r is t ic s  a ssoc ia ted  w ith  m o re  
a n te r io r  s t ru c tu res .

A lth o u g h  m ic e  m u t a n t  for e i th e r  H o x a 3  or H o x d 3  a lone 
did n o t  show  overlapp ing  defects,  m ic e  m u t a n t  for both  
H o x a 3  and  H o x d 3  d em o n s t ra te d  th a t  th e se  genes s trongly  
in te rac t .  In th e  doub le  m u ta n t s ,  th e  H o x d 3  m u ta t io n  
strongly  exacerba ted  th e  H o x a 3  defects, and  converse ly  th e  
H o x d 3 -associa ted  m u t a n t  defects w ere  strongly  e n h an ce d  
by th e  H o x a 3  m u ta t i o n  (Condie and  C apecch i ,  1994).

In order to  e x ten d  th e  analys is  of th e  role o f  th e  group 3 
paralogs dur ing  e m b ry o n ic  d ev e lo p m en t ,  w e have  d is ru p ted  
th e  r e m a in in g  m e m b e r  o f  th is  group, H o x b 3 .  U n l ik e  th o se  
of its paralogs, H o x b 3  ho m o zy g o u s  m u t a n t s  surv ive  to  
ad u l th o o d  and  are fertile . A nalysis  o f  th e  sk e le ta l  and  c e n 
tra l  ne rvo us  sy s tem s  show s m in o r  and  lo w -p en e t ra n c e  d e 
fects in th e  cerv ica l  ver teb rae  and  IXth cran ia l  nerve. W e 
also ex am in e d  th e  p h en o ty p es  o f  all th r e e  doub le  m u t a n t  
classes. T h e  d oub le  m u t a n t  ana lys is  revealed  s trong  sy n e r 
gistic  in te rac t io n s  be tw ee n  all th ree  m e m b e rs  o f  th i s  p a ra lo 
gous group in bo th  so m it ic  m eso d e rm  and  m e s e n c h y m a l  
and  n e u ro n a l  neu ra l  cres t-der ived  s t ru c tu re s .  Surprisingly, 
w i th  re spec t to  defects in th e  fo rm a tio n  o f t h e  cervica l v e r te 
brae, H o x a 3 / H o x d 3  and  H o x b 3 / H o x d 3  doub le  m u t a n t s  are 
in d is t ing u ish ab le ,  suggesting  th a t  it  is th e  n u m b e r  o f  H o x  
genes opera t in g  w i th in  a region w h ic h  appears to  be c r i t ica l  
ra th e r  th a n  th e i r  specific id en t i ty .  Further ,  th e  sever ity  of 
th e  a b n o rm a l i ty  is p ro p o r t io n a l  to  th e  n u m b e r  o f  m u t a n t  
H o x  gene alleles carr ied  by th e  m u t a n t  m o u se .  T h e  im p o r 
tan c e  o f  q u a n t i ta t iv e  in te rac t io n s  a m o n g  H o x  genes is fu r 
th e r  i l lu s t ra ted  by com p ar iso n  o f  m ic e  ind iv id ua l ly  h e te r o 
zygous for group 3 para logous gene m u ta t io n s ,  w i th  m ic e  
he te rozygous  for m u ta t i o n s  in all th r e e  genes. M ice  in d iv id 
ually  h e te rozygous  for H o x a 3 ,  H o x b 3 ,  or H o x d 3  are viable, 
are fertile , and  show  no a b n o rm a l i t ie s  or on ly  very m in o r ,  
lo w -p ene trance  defects in th e  fo rm a tio n  o f  th e  cerv ica l  v e r 
tebrae . H ow ever ,  m o s t  m ic e  he te rozygous  for all th ree  genes 
die prior to  w ean ing .

M A T E R I A L S  A N D  M E T H O D S

Targeting V ector C onstruction

G en om ic D N A con tainin g the Hoxb 3 locu s w as isolated from a 
genomic library prepared from DNA isolated from the ES cell line 
CC1.2 and probed with a 51-bp oligonucleotide located at the 3' 
end of the Hoxb3  homeobox (Graham et al., 1988; Condie and 
Capecchi, 1993). Sequences containing the homeobox were deleted 
by partial digestion with EagI and replaced by the insertion of the 
MC1neopA cassette, which confers neomycin resistance (Thomas 
and Capecchi, 1987). The resulting deletion removed 226 bp, begin
ning 5 bases 5' of the homeobox and ending 40 bp 3' of the homeo
box. The final targeting vector contained 10 kb of genomic DNA 
including the mutated allele, flanked by the TK1 and TK2 herpes 
simplex virus t hymi di ne  kinase  genes (Fig. 1A).

G eneration o f  H oxb3 M utan t Mice

The Hoxb3  targeting vector was linearized and electroporated 
into J1 ES cells (Lee et al., 1992). Electroporated cells were cultured 
using positive/negative selection in G418 and FIAU (Mansour et 
al., 1988). Clones containing a correctly targeted allele of Hoxb3  
were identified by Southern blot analysis (Fig. 1). Fidelity of the 
homologous recombination events were confirmed by Southern 
blot analysis with four restriction enzymes, using5 ' and 3' flanking 
probes and a probe specific for the neor gene (Fig. 1 and data not 
shown). Positive cell lines were injected into C57BL/6J (BL/6) blas
tocysts. Male chimeras were backcrossed to BL/6 females, and off
spring derived from ES cells were identified by coat color and geno- 
typed by Southern blot analysis or PCR (Fig. 1 and below).

G enotype A n a lysis  fo r  H oxb3

Mice and embryos were genotyped by either Southern blot or 
PCR analysis of tail or yolk sac DNA. For Southern blot analysis, 
genomic DNA was digested with EcoRI and probed with the 3' 
flanking probe (probe 1, Fig. 1A). The wild-type allele is within 
an approximately 28-kb fragment, while the m utan t allele yields 
a 5.7-kb fragment due to the insertion of the neor gene (Figs. 1C 
and 1D).

PCR analysis was performed in 20-m1 reactions amplified for 34 
cycles with 10 s at 94°C, 20 s at 65°C, and 30 s at 72°C. Three 
Hoxb3-specific PCR primers and one neor gene-specific primer were 
used to genotype animals and to confirm the structure of the dele
tion/insertion in the mutant allele. The Hoxb3-specific primers 
were primer 1, located just 5' of the homeobox, 5'ACAAGAGCC- 
CCCCGGGGTC3' (nucleotides 546-564; Sham et al., 1992); 
primer 2, located just inside the 5' end of the homeobox, 5'CAA- 
GCGGGCGCGCACGGCGTAC3' (nucleotides 574-595; Sham et  
al., 1992); and primer 3, from the antisense strand, located 3' of 
the intended deletion, 5'AACCCTTAAGAGGGGGCTGGTAG3' 
(nucleotides 953-931; Sham et al., 1992). Two neor gene-specific 
primers were used. Primer 4 was located on the sense strand at the 
3' end of the MC1neopA cassette, 5'TCTATCGCCTTCTTGAC 
GAGTTC3'. Primer 5 was located on the antisense strand at the 
5' end of MC1neopA, 5'CGTGTTCGAATTCGCCAATGACAA- 
GAC3' (Figs. 1E and 1F). For the wild-type allele, primers 1 and 3 
gave a 407-bp product, and primers 2 and 3 gave a 379-bp product. 
For the mutant allele, primers 3 and 4 gave a 240-bp product and 
primers 1 and 5 gave a 220-bp product. Primer 2 does not make a
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FIG. 1. Gene targeting at the Hoxb3  locus. (A-D) Horizontal thin 
lines represent noncoding genomic DNA. Boxes with heavy diago
nal lines represent exons, with the homeobox shown in black. (A) 
Map of the Hoxb3  targeting vector. The vector contains 10 kb 
of genomic DNA from the Hoxb3  locus. A 226-bp EagI fragment 
encoding the entire Hoxb3  homeodomain was deleted and replaced 
with a neor gene. The genomic DNA is flanked by TK genes to 
provide negative selectable markers. (B) Map of the wild-type 
Hoxb3  locus. Probes flanking the DNA sequences present in the 
targeting vector are indicated. (C) Map of the correctly targeted 
locus. After homologous recombination between the targeting vec
tor and the Hoxb3  locus, the resulting mutant allele contains the 
neor gene in place of the homeobox. Digestion of the wild-type 
and targeted loci with restriction enzymes yields the following 
fragment sizes when probed with probe 1, the 3' flanking probe: 
EcoRI, wt 28 kb, mutant 5.7 kb; XbaI,  wt 12 kb, mutant 3 kb; and 
BglII, wt 4.3 kb, mutant 7.9 kb. H, HindIII; Bg, BglII; Ea, EagI; E, 
EcoRI; Xb, XbaI; TK, thymidine kinase gene. (D) Southern blot 
analysis of 3-week-old offspring from a Hoxb3  heterozygous in
tercross. Tail DNA was digested with EcoRI and probed with probe
1. +/ + , + / —, and —/ —, wild type, heterozygous, and homozygous 
mutant DNA samples, respectively. Fragment sizes are indicated 
in kilobases. (E-G) PCR strategy for genotyping and confirming 
the genomic structure of the mutation. The wild-type structure of 
exon 2 is shown in E, and the expected exon 2 structure for the 
mutant allele is shown in F. All primer pairs used the same 3' 
primer, primer 3. Primer 1 was present in both wild-type and m u 
tant alleles, primer 2 was contained within the expected deletion, 
and primers 4 and 5 were specific to the neor gene. (G)PCR analysis 
of wild-type and homozygous mutant tail DNAs. Sizes of marker

product with either neo-specific primer, because it is located within 
the deletion. PCR products were analyzed using polyacrylamide 
gel electrophoresis (Fig. 1G).

G eneration o f  Single and D ouble M utan ts

Mice identified as heterozygous for the Hoxb3  mutation were 
intercrossed to expand the colony and generate Hoxb3  homozygous 
mutants . Litters were collected for analysis during gestation, on 
the day of birth, or at weaning to assess viability. Embryonic age 
was estimated by considering noon of the day of a vaginal plug to 
be E0.5. As Hoxb3  homozygous mutants survive and are fertile, 
litters were also produced from homozygous mutant animals.

Mouse colonies for the two double mutants, Hoxa3/Hoxb3  and 
Hoxb3/Hoxd3,  were generated by crossing either Hoxb3  heterozy
gous or homozygous mutants with Hoxa3  or Hoxd3  heterozygotes, 
respectively. The mutant alleles of the Hoxa3  and Hoxd3  genes 
have been described previously (Chisaka and Capecchi, 1991; Con- 
die and Capecchi, 1993). Mice generated in the colonies were geno- 
typed for Hoxa3  and Hoxd3  by Southern blot or PCR analysis as 
previously described (Chisaka and Capecchi, 1991; Condie and Ca
pecchi, 1993; Manley and Capecchi, 1995). Double mutants were 
generated by intercrossing double-heterozygous animals within 
each colony. Animals which were homozygous for the Hoxb3  m u 
tation and heterozygous for either of the other paralogs were also 
used as parents in crosses to generate double mutants . All colonies 
used for this analysis were maintained on a mixed C57BL6 X 129Sv 
background.

Ske le ta l A na lysis

Skeletons of newborn mice were stained with alcian blue 8GX 
and alizarin red as described (Mansour et al., 1993). Adult skeletons 
were stained only with alizarin red (Davis and Capecchi, 1994).

Im m unoh istochem istry

Detection of neurofilament protein was performed using the 2H3 
anti-155-kDa neurofilament monoclonal antibody obtained from 
the Developmental Studies Hybridoma Bank (Dodd et al., 1988). 
Whole-mount immunohistochemistry was performed essentially 
as described (Davis et al., 1991). Briefly, embryos were fixed in 
methanol:DMSO (4:1) overnight, treated with hydrogen peroxide 
to inactivate endogenous peroxidases, rehydrated, and incubated 
overnight in the 2H3 antibody at a 1:4 dilution in PBSTMD (PBS,
0.5% Triton X-100, 2% skim milk, 1% DMSO). Embryos were 
washed in PBSTMD and incubated overnight with an HRP-conju- 
gated secondary antibody at 1:100 in PBSTMD. After washing, color 
reactions were performed in diaminobenzidine and hydrogen perox
ide. Embryos were cleared in 1:2 benzyl benzoate:benzyl alcohol 
for analysis and photographed using a Leitz dissecting microscope.

bands (M) are shown in base pairs. Genotypes of DNA samples 
used are indicated above each lane. Primer combinations used in 
PCR are lanes 1-3, primers 2, 3, and 4; lanes 4 -6 ,  primers 1, 3, 
and 4; lanes 7 -9 ,  primers 2, 3, and 5; and lanes 10-12, primers 1,
3, and 5. No product corresponding to the mutant allele is present 
in lanes 8 and 9, because primer 2 is deleted in the mutant allele.
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TABLE 1
Genotypes of Offspring from Hoxb3  Heterozygous Intercrosses

+ /+ +/ — —/ — Total

P0 24 (30) 62 (59) 33 (30) 119
4 weeks 32 (27) 53 (54) 23 (27) 108

Note.  + /+ ,  + / —, and —/ — are wild type, heterozygote, and homo
zygous mutant,  respectively. Numbers are listed as observed (ex
pected). Litters of newborn animals (PO) were collected as close to 
the time of birth as possible. All genotype classes are represented 
in the expected Mendelian ratios.

R E S U L T S

Targeted D isrup tion  o f  the H oxb3 Gene
A m u t a n t  a llele o f  th e  H o x b 3  gene was m a d e  by h o m o lo 

gous r e c o m b in a t io n ,  in w h ich  a 226-bp EagI fragm en t e n 
coding  th e  en t i re  H o x b 3  h o m e o d o m a in  w as de le ted  and 
rep laced  w ith  th e  M C  1neopA ca sse t te  (Fig. 1 A; T h o m a s  and 
C apecch i,  1987). T h e  re su l t in g  de le t ion  sh o u ld  c rea te  a loss- 
o f- function  allele for D N A  bind ing . T h e  ta rge t in g  vector ,  
c o n ta in in g  10 kb  o f  g en o m ic  D N A  from th e  H o x b 3  locus, 
was linearized  and  in t ro d u ced  in to  J1 ES cells by e lec t ro p o r
a tion .  C e ll  l ines  in w h ich  a ho m o lo g o u s  re co m b in a t io n  
e v en t  had  occurred  w ere  en r ich ed  by p os i t iv e /n eg a t iv e  se 
lec t ion  and  screened  by S ou thern  b lo t  analys is  (M ansour et  
al.,  1988). In 16 o f  144 cell l ines  analyzed , a co rrec tly  t a r 
geted a lle le  o f  H o x b 3  w as observed. T h ese  cell  l ines  w ere  
fu r th e r  te s ted  by S ou th e rn  transfe r  ana lys is  u s ing  a to ta l  of 
four re s tr ic t io n  en zy m e s  and  th r e e  probes, 3 '  and  5 '  f lank ing  
probes and  a n e o r probe, to  e n su re  th a t  no rea r ran g em e n ts  
or d u p lic a t io n s  had  occurred  at th e  ta rg e ted  locus  (data no t  
shown).

T h e  ta rge ted  cell l ine 2h-4 w as in jec ted  in to  BL/6 b la s to 
cysts and  surgically  transfe r red  in to  th e  u te ru s  o f  a foster 
m o th e r  to  a llow  th e  em bryos  to  co m e  to  te rm .  M ale  c h im e 
ras w ere  bred to  BL/6 fem ales ,  and  a m o u s e  s tra in  carry ing  
th e  H o x b 3  m u t a n t  a llele w as e s tab l ished .  A n im a ls  h e te r o 
zygous for th e  H o x b 3  m u t a n t  a llele w ere  viable  and  fertile  
and  had  no observed m u t a n t  p h eno ty pe .

H oxb3 H om ozygous M utan ts A re  V iable and  
Fertile

M ice  he te rozy go us  for th e  H o x b 3  m u ta t io n  w ere  in t e r 
crossed and  th e  geno types  of th e  offspring d e te rm in e d .  L i t 
te rs  w ere  e i th e r  geno typed  at w ean in g  (3 - 4  w eek s)  or co l
lec ted  and  geno typed  im m e d ia te ly  after  b ir th  (Fig. 1D, T able
1). N o  s ignificant red u c t io n  w as seen in th e  expec ted  n u m 
ber o fh o m o z y g o u s  m u t a n t  a n im a ls  at e i th e r  age, in d ica t ing  
th a t  th e se  m u t a n t  a n im a ls  are viable. T h is  re su l t  is in s t rong  
con tra s t  to  th a t  seen w i th  m u ta t io n s  in th e  para logous 
genes H o x a 3  and  H o x d 3  (C h isaka  and  C ap ecch i ,  1991; C o n 
die and  C ap ecch i ,  1993), in w h ich  m u ta t i o n  of th e  H o x a 3

gene causes n e o n a ta l  le th a l i ty ,  and  on ly  ~ 1 5 %  of  H o x d 3  
m u t a n t s  survive  to  w ean ing .  H o x b 3 ~ / — ad u lts  are fer tile  and  
show  no obvious  o u tw a rd  defects. PC R  analys is  co n f i rm ed  
th a t  th e  D N A  b ind in g  d o m a in  o f  th e  H o x b 3  gene had  been 
d e le ted  in th e  m u t a n t  a llele (Fig. 1G and  M ate r ia ls  and 
M ethods).

Hoxb 3 M utan ts H ave a M inor D efect in the  
C ervical V ertebrae

M ice  th a t  are m u t a n t  for e i th e r  H o x a 3  or H o x d 3  have  
n o n o v e r lapp in g  m u t a n t  p h e n o ty p e s  (C hisaka  and  C apecchi,  
1991; C o n d ie  and  C ap ecch i ,  1993). M u ta t io n  o f  e i th e r  of 
th e se  genes causes defects in th e  fo rm a tio n  of th e  ske le ton ;  
h ow ever ,  th e  affected s t ru c tu re s  are o f  separa te  em bryolog i-  
cal origin. H o x a 3  m u t a n t s  show  m a l fo rm a t io n s  and  r e d u c 
t io ns  in th e  n eu ra l  c res t-der ived  cartilages and  ske le ta l  e le 
m e n t s  of th e  th ro a t ,  w h i le  H o x d 3  m u t a n t s  d isplay  t r a n s fo r 
m a t io n s  and  de le t io ns  in th e  first and  second  cervical 
vertebrae ,  w h ic h  are derived from so m it ic  m e s o d e r m . S ke le 
ta l  p rep a ra t io ns  from H o x b 3  in te rc ross  n ew b o rn  l i t te rs  and 
ad u lt  a n im a ls  w ere  ex am in e d  to  d e te rm in e  if  m u ta t i o n  of 
th e  H o x b 3  gene re su l ted  in defects in any  o f  th e se  or o th e r  
ske le ta l  s t ruc tu res .

E igh teen  n ew b orn  and  n in e  adu lt  H o x b 3 —~ a n im a ls  w ere 
ex a m in ed  for ske le ta l  defects in w h o le -m o u n t  p repara tions .  
M ice  w ere  scored for th e  p resence  o f  any  a b n o rm a l i t ie s  in 
th e  sku ll ,  v er teb ra l  co lu m n ,  th r o a t  cart ilages,  and  bones. 
S t ruc tu res  w h ich  w ere  k n o w n  to  be affected in e i th e r  th e  
H o x a 3  or th e  H o x d 3  m u t a n t s  w ere  ex a m in ed  carefu lly  for 
overlapping  p h en o ty p es  in th e  H o x b 3  m u t a n t .  N o  defects 
w ere  seen in th e  n eu ra l  cres t-der ived  cartilages and  bones 
o f  th e  th ro a t ,  nor w ere  any  t r a n s fo rm a t io n s  or de le t ion s  of 
cervica l ver teb rae  observed in th e  H o x b 3  m u t a n t s  (Figs. 2B 
and  3B). T herefore ,  n e i th e r  th e  H o x a 3  nor th e  H o x d 3  s ing le 
m u t a n t  ske le ta l  p h e n o ty p e  w as seen in th e  H o x b 3  m u ta n t s .  
H ow ever ,  a m in o r  defect in th e  fo rm a tio n  o f  th e  a tlas  and  
axis w as seen in th e  H o x b 3 —/— n ew b o rn  sk e le ton s .  At a low 
frequency  (2 of 18 ex am in ed )  th e  an te r io r  arch o f  th e  atlas 
and  th e  dens of th e  axis w ere  jo ined  by an ossified bridge no t 
n o rm a l ly  p re sen t  in w ild - type  m ic e  (Fig. 2B). T h is  pa r t icu la r  
defect w as n o t  seen in th e  H o x d 3 —/— sk e le ton s ,  a l th ou gh  
H o x d 3 —— m u t a n t s  do have  defects in th e  an te r io r  arch of 
th e  a tlas and  in th e  dens (Fig. 2D; C o n d ie  and  C apecchi,  
1993). T herefore ,  even th o u g h  H o x b 3  and  H o x d 3  do no t  
have  overlapping  ph en o ty p e s ,  th e  H o x b 3  m u ta t i o n  does 
w eak ly  affect th e  d e v e lo p m e n t  o f  so m e  of th e  sam e  axial 
ske le ta l  s t ru c tu re s  as H o x d 3 .

The Hoxb 3 M uta tion  Exacerbates b oth  Hoxa3 and  
H oxd3 Single M utan t Ske le ta l Phenotypes

D o u b le  m u t a n t s  b e tw een  H o x a 3  and  H o x d 3  revealed  t h a t  
th e se  genes in te rac t  synerg is t ica l ly  to  affect th e  d ev e lop 
m e n t  o f  bo th  so m it ic  m e so d e rm  and  neu ra l  cres t-derived  
ske le ta l  s t ru c tu re s  (Condie  and  C apecch i ,  1994). To d e te r 
m in e  w h e th e r  m u ta t io n s  in H o x b 3  w o u ld  also en h a n c e  th e
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FIG. 2. Hoxb3  and Hoxa3  mutations both enhance the Hoxd3  skeletal phenotype. Lateral views of the cervical region in cleared skeleton 
preparations of single- and double-mutant newborn mice; dorsal is to the left, anterior is to the top. Genotypes are in the lower left 
corners, with lowercase letters representing the mutant allele, for example, bb, Hoxb3~'~; aadd,  Hoxa3~'_/Hoxd3_0_. (A) Wild-type (+/+) 
control, with atlas (at), axis (ax), and exoccipital (eo) bones indicated. (B) Similar view of a Hoxb3  mutant; the arrow shows the ossified 
fusion between the anterior arch of the atlas and the dens of the axis. (C) A Hoxd3  homozygous mutant, showing the characteristic 
fusions between the atlas and the bones of the skull. The arrow indicates the deletion of the anterior arch of the atlas and fusion of the 
atlas to the basioccipital bone at the base of the skull. (D) Hoxa3~'~/Hoxd3~'_ double mutant, in which the atlas is deleted and the axis 
appears transformed toward a more posterior phenotype (Hoxd3~/0 and Hoxa3~'~/Hoxd3~'_ phenotypes are described in Condie and 
Capecchi, 1993, 1994). (E) The Hoxb3~'~/Hoxd3~'~ double mutant is nearly indistiguishable from the double mutant skeleton in D, with

exoccipital bones. The exoccipital bones are markedly reduced in size (eo, white arrow). The anterior arch of the atlas is fused to the 
basioccipital bone and to the dens (black arrow), and the neural arches are reduced in size. Scale bar, 1 mm.
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a a d d  a a b b  *  b b d d
FIG. 3. Mutation of Hoxb3  enhances the Hoxa3  mutant phenotype in the throat cartilages. Lateral views of the throat cartilages in 
cleared skeletal preparations of single- and double-mutant newborn mice; dorsal is to the right, anterior is to the top. Genotypes are in 
the lower left corners, with lowercase letters representing the mutant allele, for example, bb, Hoxb3~'~; aadd,  Hoxa3~'~/Hoxd3~'—. (A) 
Wild-type (+/+) control, with the greater horn of the hyoid bone (hy), thyroid (thy), and cricoid (crc) cartilages marked. The lesser horn 
of the hyoid is indicated (star). (B) Hoxb3~'— animals have no defects in these structures. (C) Hoxa3 mutant, showing characteristic 
reductions and fusions in the hyoid bones and thyroid and cricoid cartilages (described in Chisaka and Capecchi, 1991). The lesser horn 
of the hyoid is almost completely deleted, and is fused to the greater horn (small arrow). The greater horn is also reduced, malformed, 
and fused to the thyroid cartilage (large arrow). (D)The Hoxa3~'~/Hoxd3~'— double mutant has more severe defects, primarily in the hyoid 
bones (described in Condie and Capecchi, 1994). (E) The Hoxa3~'~/Hoxb3~'~ double mutant also shows severe reductions in the hyoid, 
including complete deletion of the lesser horn. The thyroid cartilage is poorly formed, with the dorsal aspect showing an amorphous mass 
of cartilage (small arrow). The cricoid cartilage is also fused to the thyroid cartilage (large arrow). (F) The Hoxb3~'~/Hoxd3~'— double 
mutant shows minor defects, with the greater horn of the hyoid fused to the thyroid cartilage (arrow). The lesser horn is unaffected (star). 
The thyroid and cricoid cartilages are also malformed. Scale bar, 0.5 mm.
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TABLE 2
Genotypes of Newborns from Double Heterozygous Intercrosses

a3, b3 
observed 
(expected)

b3, d3 
observed 
(expected)

+ /+ ,+ /+ 5 (7.5) 6 (6)
+ / —,+ /+ 15 (15) 16 (12)
+ / + ,+ /— 17 (15) 13 (12)
+ / —,+ /— 36 (30) 20 (24)
—/ —,+ /+ 2 (7.5) 7 (6)
+ / + ,—/ — 10 (7.5) 7 (6)
+ / —,—/ — 17 (15) 9 (12)
—/ —,+ /— 14 (15) 11 (12)
—/ —,—/ — 3 (7.5) 9 (6)
Total 119 98

Note.  +/ + , + / —, and —/ — are wild type, heterozygous, and homo
zygous mutant,  respectively. Litters of newborn animals were col
lected as close to the time of birth as possible. Newborn animals 
listed include pups recovered both dead and alive. Reduced num 
bers of newborns recovered in classes which are homozygous m u
tant for Hoxa3  were presumably lost due to cannibalization, as 
these animals die soon after birth (Chisaka and Capecchi, 1991). 
All remaining genotype classes are represented within the expected 
Mendelian ratios.

p h en o ty p es  o f  th e  H o x a 3  and  H o x d 3  m u ta n t s ,  co lon ies  of 
bo th  H o x a 3 / H o x b 3  and  H o x b 3 / H o x d 3  c o m p o u n d  h e te ro z y 
gotes w ere  e s tab l ished .  Both H o x a 3 / H o x b 3  and  H o x b 3 /  
H o x d 3  c o m p o u n d  he te rozy go tes  w ere  o u tw a rd ly  n o rm a l  
and  fertile , and  m ic e  w i th in  th e s e  co lon ies  w ere  in t e r 
crossed to  p ro du ce  doub le  m u ta n t s .

Both H o x a 3 +/—/ H o x b 3 —/— and  H o x b 3 —/—/ H o x d 3 +/— a n i 
m a ls  surv ived  to  a d u l th o o d  and  w ere  fertile. H o x a 3 / H o x b 3  
and  H o x b 3 / H o x d 3  doub le  m u t a n t s  surv ive  to  b ir th  (Table
2). H ow ev er ,  bo th  doub le  m u t a n t  c lasses died e i th e r  at P0 
or before w ean ing .  H o x a 3 / H o x b 3  m u t a n t s  died w i th in  
h ou rs  o f  b ir th ,  as did H o x a 3  single m u ta n t s .  Fifty pe rcen t  
of H o x b 3 / H o x d 3  m u t a n t s  died at b ir th ,  w i th  th e  r e m a in d e r  
dying w ith in  th e  first p o s tn a ta l  w eek .  As H o x d 3  s ingle m u 
ta n t s  u sua l ly  died w ith in  th e  first w eek ,  w i th  so m e  su rv iv 
ing to  ad u ltho od ,  th e  increase  in observed dea th  o f  H o x b 3 /  
H o x d 3  doub le  m u t a n t s  at b ir th  and  th e  0% v iab i l i ty  at 
w ean in g  rep resen t  an exacerba t ion  o f  th is  H o x d 3  p h e n o 
type.

Both H o x a 3 / H o x b 3  and  H o x b 3 / H o x d 3  doub le  m u t a n t s  
w ere  ex a m in ed  for th e  ab i l i ty  o f  th e  H o x b 3  m u ta t io n  to 
exacerba te  th e  H o x a 3  and  H o x d 3  s in g le -m u ta n t  ske le ta l  
p h en o ty p es  (Table 3). T h ese  re su l ts  w ere  also co m pared  to 
th e  p h e n o ty p e  of th e  H o x a 3 / H o x d 3  doub le  m u t a n t  d e 
scribed p rev iously .  T h e  p h e n o ty p e  of th e  H o x b 3 / H o x d 3  
doub le  m u t a n t  w as m u c h  m o re  severe  th a n  th a t  seen in 
e i th e r  single m u t a n t  and  w as in d is t in g u ish ab le  from th a t  
seen in th e  H o x a 3 / H o x d 3  doub le  m u t a n t  (Fig. 2). T h e  en t i re  
a tlas was dele ted , w i th  only  sm a ll  cart ilage r e m n a n ts  r e 
m a in in g .  T h e  axis w as also affected, w i th  th e  n eu ra l  arch

frequ en tly  rem o d e led  to  re se m b le  th e  appearance  o f  th e  
m o re  pos te r io r  cervica l v er teb rae  C 3 - C 5 .  T h e  ch ange  in th e  
shape o f  C 2  is also in c o m m o n  w ith  H o x a 3 / H o x d 3  doub le  
m u ta n t s .  T h e se  re su l ts  suggest th a t  H o x b 3  and  H o x a 3  p lay 
eq u iv a len t  ro les  in c o m b in a t io n  w i th  H o x d 3  to  m e d ia te  th e  
fo rm a tio n  o f  th e  a tlas  and  axis .

H o x a 3 / H o x b 3  doub le  m u t a n t s  also had  defects in th e  d e 
v e lo p m e n t  o f  th e  cervica l v erteb rae  and  sk u l l  (Fig. 2F), even 
th o u g h  n e i th e r  single m u t a n t  h ad  a sign if ican t defect in th e  
fo rm a tio n  o f  th e  axia l sk e le ton .  Som e o f  th e s e  defects are 
s im ila r  to  th o se  seen in th e  H o x d 3  single m u ta n t s ,  such as 
fusion  o f  th e  an te r io r  arch of th e  a tlas  to  th e  bas iocc ip i ta l  
bone  and  red u c t io n  o f  th e  ne u ra l  arches o f  th e  a tlas  and  
axis (com pare  Fig. 2C to  2F). H ow ever ,  som e  defects w ere 
d ifferent from th o s e  seen in H o x d 3  single m u ta n t s .  In p a r 
ticu la r ,  all o f  th e  H o x a 3 / H o x b 3  doub le  m u t a n t s  ex am in ed  
sh ow ed  a red u c t io n  in th e  size o f  th e  exocc ip i ta l  bones. 
T h ese  re su l ts  in d ica te  th a t  th e  H o x d 3  gene a lone  is no t 
suffic ien t for p roper d ev e lo p m en t  of th e  sk u l l  and  cervica l 
vertebrae ,  and  th a t  all th r e e  genes p lay  a ro le  in th e  n o rm a l  
d ev e lo p m e n t  o f  th e se  so m it ica l ly  derived s t ru c tu re s .

E x a m in a t io n  o f  th e  m e s e n c h y m a l  n eu ra l  cres t-derived  
th ro a t  cart i lages and  bones u nco v e red  s im ila r  gene in te ra c 
tio ns .  T h ese  s t ru c tu re s  are affected by m u ta t io n  o f  th e  
H o x a 3  gene, bu t  are n o rm a l  in bo th  th e  H o x b 3  and  th e  
H o x d 3  single m u t a n t s  (Figs. 3 A - 3 C  and  T ab le  3). T h e  
H o x a 3 / H o x b 3  doub le  m u t a n t  sho w ed  an e n h a n c e m e n t  of 
th e  m u t a n t  p h e n o ty p e ,  w h ic h  was m o s t  p rev a len t  in a n t e 
rior s t ru c tu re s ,  in p a r t icu la r  th e  greater ho rn  of th e  hyoid  
bone, w h ich  w as a lm o s t  en t i re ly  m is s in g  in th e  H o x a 3 /  
H o x b 3  doub le  m u t a n t  (Fig. 3E). T h e  th y ro id  cart ilage was 
also poorly  form ed, appearing  as a m ass  o f  cart i lage  w ith  
poorly  defined s t ru c tu re .  T h e  c ricoid  car tilage w as sm alle r  
and  o ccas iona lly  fused to  th e  th y ro id  cartilage. Again, th e  
increased  sever ity  in th i s  m u t a n t  p h e n o ty p e  w as very s im i
lar to  th a t  seen in th e  H o x a 3 / H o x d 3  d oub le  m u t a n t s  (co m 
pare  Fig. 3E to  3D).

T h e  H o x b 3 / H o x d 3  doub le  m u t a n t  also sh ow ed  defects in 
th e  th ro a t  cart ilages and  bones (Fig. 3F), w h ic h  are no t  af
fected  by th e  m u ta t io n  o f  e i th e r  in d iv id u a l  gene (Fig. 3B 
and  C on d ie  and  C ap ecch i ,  1994). T h ese  defects w ere  m ild e r  
th a n  th o s e  seen in th e  H o x a 3  m u t a n t  and  affected on ly  a 
subse t o f  th e  s t ru c tu re s  affected by m u ta t io n  o f  th e  H o x a 3  
gene (Fig. 3C). T h e  lesser ho rn  o f  th e  hyoid  w as unaffec ted , 
b u t  th e  greater  ho rn  w as so m e t im e s  fused to  th e  th y ro id  
cartilage, and  th e  th y ro id  cartilage i t se l f  w as m a lfo rm ed .  
T h ese  defects w ere  also less p e n e t r a n t  th a n  th e  axia l sk e le 
ton  defects seen in th e  H o x a 3 / H o x b 3  doub le  m u ta n t s ,  o c 
cu rr ing  in ab ou t  20% of  H o x b 3 / H o x d 3  doub le  m u t a n t s  ex 
am in e d  (see T ab le  3). T h u s ,  a l th o u g h  H o x b 3  and  H o x d 3  do 
p lay  a ro le  in th e  fo rm a tio n  o f  th e se  n eu ra l  cres t-derived  
s t ru c tu re s ,  expression  of th e  H o x a 3  gene a lone  is u sua l ly  
suffic ien t to  specify th e i r  n o rm a l  d ev e lo pm en t.

E nhancem ent o f  the Hoxa3 and  H oxd3 Phenotypes  
by H oxb3 Is Dosage Sensitive

A nalysis  o f  various  c o m b in a t io n s  o f  H o x a 3  and  H o x d 3  
m u t a n t  alleles sho w ed  th a t  th e  in te rac t io n  o f  th e se  tw o
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TABLE 3
Double Mutant N ewborn Skeletal Defects Summary

bb BbDd bbDd dda Bbdd bbdd AaBb Aabb aaa aaBb aabb

Axial skeleton
Basioccipital enlarged posterior edge 77 (10) 100 (9) 67 (4) 89 (8) 100 (9) 8 (1) 60 (3)
Exoccipital

Reduced 58 (7) 100 (5)
En larged 17 (1) 89 (8) 89 (8)

Supraoccipital remodeled 11 (1) 17 (2) 100 (5)
Anterior arch of atlas

Fused to dens/split in two 11 (2) 46 (6) 22 (2) 15 (2) 38 (5) 33 (4)
Deleted/fused to basiocciptal 15 (2) 67 (6) 100 (6) 100 (9) 100 (9) 8 (1) 8 (1) 60 (3)

Atlas
Fused to exoccipital (lm or

foramina) 50 (3) 100 (9) 41 (5) 80 (4)
Foramina deleted 30 (4) 22 (2) 50 (3) 22 (2) 8 (1) 17 (2) 60 (3)
Neural arch reduced/remodeled 100 (13) 100 (3) 100 (6) 100 (9) 23 (3) 67 (8) 100 (5)
Atlas deleted 100 (9)

Axis
Dens deleted 11 (1) 100 (6) 100 (9) 100 (9)
Atlas foramina/anterior arch on

axis 22 (2) 50 (3) 100 (9) 100 (9)
Neural arch broadened (C2 to C1) 46 (6) 67 (6) 17 (1) 44 (4) 11 (1) 17 (2) 60 (3)
Neural arch remodeled 38 (5) 22 (2) 33 (3) 78 (7) 8 (1)

Atlas/axis neural arches fused 11 (1) 44 (4)
Throat cartilages (NC)

Hyoid lesser horn
Reduced/remodeled 87 (7) 58 (7)
Deleted 13 (1) 41 (5) 100 (5)

Hyoid greater horn
Reduced 8 (1) 100 (8) 100 (12) 100 (5)
Fused to thyroid cartilage 22 (2) 8 (1) 23 (3) 100 (8) 100 (12) 100 (5)

Thyroid cartilage reduced/remodeled 22 (2) 8 (1) 23 (3) 100 (8) 100 (12) 100 (5)
Cricoid cartilage reduced/remodeled 38 (5) 100 (8) 100 (12) 100 (5)

Total N o. analyzed 18 13 9 6 9 9 13 13 8 12 5

Note.  Frequencies of defects are shown as percentages, with the actual number of animals showing the defect in parentheses. The total 
number of each genotype analyzed is shown at the bottom of each column. If no number is listed, the percentage is zero. Genotypes are 
represented with capital letters for wild type and small letters for the mutant allele, i.e., Bbdd is Hoxb3+'_/Hoxd3__.

a Hoxa3  and Hoxd3  single and the Hoxa3/Hoxd3  double mutant phenotypes have been previously described (Chisaka and Capecchi, 
1991; Condie and Capecchi, 1994, 1995).

genes in th e  d ev e lo p m en t  o f  th e s e  s t ru c tu re s  is dosage s en s i 
t ive  (Condie and  C apecch i,  1994). To d e te rm in e  if  th e  ef
fects o f  th e  H o x b 3  m u ta t io n  on th e  H o x a 3  and  H o x d 3  m u 
ta n t  p h e n o ty p e s  w ere  also dosage d epen den t ,  sk e le ton s  of 
m ic e  w i th  in te rm e d ia te  genotypes  w ere  e x am in ed  and  c o m 
pared to  th e  single- and  d o u b le -m u ta n t  p he n o ty p es .  Both 
th e  H o x d 3 _/_ axial sk e le to n  p h e n o ty p e  and  th e  H o x a 3 _/_ 
th ro a t  cart i lage  defects w ere  e n h a n c e d  by th e  re m o v a l  of a 
single copy o f  H o x b 3  (Fig. 4 and  T ab le  3). T h ese  p h e n o ty p e s  
w ere  in te rm e d ia te  b e tw een  th e  single- and  th e  d o u b le - m u 
ta n t  ph en o ty p e s ,  ind ica t in g  q u a n t i ta t iv e  in te ra c t io n s  b e 
tw e e n  th e se  genes.

For H o x b 3  and  H o x d 3 ,  re m o v a l  of one  fu n c t io n a l  copy of 
H o x b 3  in th e  H o x d 3 _ _ m u t a n t  b ackg rou nd  re su l ted  in th e  
par t ia l  loss of th e  a tlas  (Fig. 4C). T h is  re su l t  is very s im ila r

to  th e  defects observed in H o x a 3 + /_ / H o x d 3 _ _ m u t a n t  m ice  
(Condie  and  C ap ecch i ,  1994). In add it ion ,  increased  p e n e 
t ra n ce  w as seen for th e  p resence  o f  an an te r io r  arch and /o r  
la te ra l  fo ra m in a  on th e  axis , s t ru c tu re s  n o rm a l ly  p resen t  on 
th e  a tlas.  T h e  la t te r  ind ica te s  t h a t  th e  t r a n s fo rm a t io n  of 
C 2  to w ard  C1 id e n t i ty  w as m o re  co m p le te  in H o x b 3 +'_/ 
H o x d 3 _ _ th a n  in Ho xd 3 ~' ~  m u t a n t  m ice .

In th e  case  o f  H o x a 3  an d  H o x b 3 ,  i n t e r m e d ia t e  p h e n o 
ty p es  w e re  seen  in  b o th  t h e  ax ia l  sk e le to n  an d  th e  t h r o a t  
c a r t i lag e s  w i th  t h e  p ro g re ss iv e  r e m o v a l  o f  cop ies  o f  th e s e  
tw o  genes  (Figs. 4 E - 4 H  an d  T a b le  3). R e m o v a l  o f  any  
th r e e  a l le le s  o f  t h e s e  tw o  genes  (i.e., H o x a 3 + + ~ / H o x b 3 ~ ' _ 
or H o x a 3 ~ /~ / H o x b 3 + /_)  p ro d u c e d  an in c r e a se  in p e n e 
t r a n c e  o f  t h e  H o x b 3 _ _ ax ia l  sk e le to n  p h e n o ty p e  to  a b o u t  
3 5 % ,  c o m p a re d  to  11% in t h e  H o x b 3 _ _ a n im a ls .  N e w 
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FIG. 4. Enhancement of the Hoxa3  and Hoxd3  phenotypes by Hoxb3  is dosage-sensitive. Lateral views of the cervical region in cleared 
skeleton preparations of newborn mice; dorsal is to the left, anterior is to the top. Genotypes are in the lower left corners, with uppercase 
letters representing wild-type alleles and lowercase letters representing the mutant allele, for example, dd,  Hoxd3~'~; Bbdd,  Hoxb3+,—/
Hoxd3~ . (A) Wild-type (+/+) control, with atlas (at), axis (ax), and exoccipital (eo) bones indicated. (B) Hoxd3~ mutant; the arrow 
indicates the deletion of the anterior arch of the atlas and fusion of the atlas to the basioccipital bone at the base of the skull. (C) Removal 
of one copy of Hoxb3  results in a more severe reduction of the anterior arch of the atlas (arrow), while the Hoxb3~l~/Hoxd3~l~ double 
mutant shows a complete deletion of the atlas (D). (E) A Hoxb3~'~ mutant, showing an ossified fusion of the anterior arch of the atlas 
and the dens of the axis (arrow). (F) Removal of one copy of Hoxa3  results in additional fusion of the anterior arch to the base of the skull 
(arrow) and a reduction in the atlas neural arch (at). (G) Removal of one copy of Hoxb3  in a Hoxa3  mutant also results in reductions in 
the atlas (at) and exoccipital bones (eo, white arrow). These mice also have a fusion of the atlas anterior arch to the dens (black arrow), 
a phenotype that is seen in Hoxb3~'~ mice. (H)The Hoxa3~'~/Hoxb3~'~ double mutants have further reductions in the atlas and exoccipitals. 
This example also shows a dorsal fusion of the atlas neural arch to the skull (short black arrow) and the atlas anterior arch fused to the 
axis (long black arrow). Scale bar, 1 mm.

b o rns  w i th  t h e s e  g e n o ty p e s  a lso  d isp lay ed  de fec ts  in th e  
fo r m a t io n  o f  th e  a t la s  and ,  to  a le s se r  e x te n t ,  t h e  axis 
(Figs. 4 F  an d  4 G ),  de fec ts  w h ic h  w e re  n o t  seen  in e i t h e r  
s ing le  m u t a n t .  T h e s e  ax ia l  s k e le to n  d e fec ts  in c lu d e d  a 
s u b s e t  o f  th o s e  seen  in H o x d 3 —/— a n im a ls ,  b u t  w e re  less 
p e n e t r a n t  an d  less  severe .  In H o x a 3 / H o x b 3  d o u b le  m u 
t a n t s  t h e  se v e r i ty  an d  p e n e t r a n c e  o f  th e s e  d e fec ts  i n 

c re a s e d ,  b u t  n ev e r  r e a c h e d  th e  se v e r i ty  o f  d e fec ts  seen  in 
t h e  a b se n c e  o f  H o x d 3 .

In th e  th ro a t  cart ilages, th e  re m o v a l  o f  one  copy of H o x b 3  
in th e  H o x a 3  m u t a n t s  also re su l ted  in an increase  in th e  
sever ity  o f t h e  d e fo rm it ie s  seen. T h is  was m o s t  d ram atica l ly  
seen as a progressive ly  m o re  c o m p le te  de le t ion  of th e  lesser 
ho rn  o f  th e  h yo id  bo ne  and  red u c t io n  in size o f  th e  greater
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FIG. 5. The supraoccipital bone is deformed in double mutants. Dorsal view of the base of the skull and upper cervical region of newborn 
skeletons; anterior is up. (A) Wild-type (+ /+)control. The supraoccipital bone (so)is well formed and completely ossified. The exoccipitals 
(eo)and atlas neural arches (at)are also indicated. (B)In Hoxa3~'~/Hoxb3~'~ double mutants (aabb), the supraoccipital is severely malformed 
and not ossified. The exoccipitals and atlas neural arches are very reduced (see also Figs. 2 and 4). Scale bar, 1 mm.

horn  (Table 3). In add it ion ,  rem o v a l  o f  one  copy of H o x a 3  
in th e  H o x b 3 ~ ' — back g ro un d  re su l te d  in so m e  defects in th e  
hyoid  bone  and  th ro a t  cart ilages, n o n e  of w h ich  w ere  seen 
in th e  H o x b 3  m u t a n t s  a lone  (Table 3).

D ouble M utan ts H ave a N ovel Ske le ta l D efect

In add it ion  to  increased  sever ity  of s in g le -m u ta n t  p h e n o 
types , all th r e e  d oub le  m u t a n t s  w ere  found  to  have  defects 
in th e  fo rm a tio n  o f  th e  supraocc ip i ta l  bo ne  o f  th e  sku l l  (Fig. 
5). T h e  pe n e tra n c e  of  th i s  defect ranged  from 10% in H o x b 3 /  
H o x d 3  doub le  m u t a n t s  to  20% in H o x a 3 / H o x d 3  doub le  m u 
ta n t s  to  100% in th e  H o x a 3 / H o x b 3  doub le  m u t a n t s  (Table
3). In add it ion ,  th i s  defect (2 o f  12 exam in ed )  w as seen at 
low p e n e tra n c e  in H o x a 3 ——/ H o x b 3 +/— n ew b o rn s .  T h e  su- 
p raocc ip i ta l  bone  appeared  n o rm a l  in all o th e r  genotype  
classes. T h e  app earance  in th e  doub le  m u t a n t s  o f  defects in

a s t ru c tu re  n o t  affected by any  of th e  single m u t a n t s  sug
gests th a t  th e  d e v e lo p m en t  o f  th i s  s t ru c tu re  rep resen ts  a 
m o re  h igh ly  re d u n d a n t  fu nc t ion  o f  th e se  genes, p a r t icu la r ly  
w h en  th e  H o x a 3  and  H o x b 3  genes are involved . T h e  low 
p e n e tra n c e  o f  defects in dou b le  m u t a n t  c lasses in c lud in g  
th e  H o x d 3  m u ta t io n ,  and  th e  100% p en e tra n c e  o f  th e  defect 
in H o x a 3 / H o x b 3  doub le  m u ta n t s ,  in d ica te  th a t  H o x d 3  has 
a re la t ive ly  m in o r  fu nc t io n  in th e  d e v e lo p m en t  o f  th e  supra- 
occ ip i ta l  bone.

The Hoxa3 and H oxb3 Single M u tan ts Have  
D efects in the  Form ation o f  the  IX th  C ranial N erve

A lth ou gh  H o x a 3 ~ ‘— n ew b o rn s  w ere  p rev iously  ex am in ed  
h is to log ica l ly  for th e  p resence  of th e  c ran ia l  ganglia, an e m 
bryon ic  ana lys is  o f  th e  d e v e lo p m en t  o f  th e  cran ia l  nerves 
and  ganglia was no t  perfo rm ed . N e u ro f i la m e n t  s ta in ing  of
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TABLE 4
Summary of Embryonic Neurofilament Analysis of Group 3 Single and Double Mutants

+ / + aa bb dda aabb aadd bbdd

IXth cranial ganglion unconnected
to hindbrainb 25 (3)c 5 (1) 11 (1) 17 (1)

IX/X fusionb 50 (6) 9 (2) 66 (6) 33 (2) 42 (3)
Unconnected/fusedd 8 (1) 22 (2) 33 (2)
Total No. affected 0 (0) 83 (10) 14 (3) 0 (0) 100 (9) 83 (5) 42 (3)
Total No. unaffected 100 (6) 17 (2) 86 (19) 100 (4) 0 (0) 17 (1) 57 (4)
Total No. analyzed 6 112 22 4 9 6 7

a Hoxd3  single-mutant phenotype was also previously analyzed and reported to be normal (Condie and Capecchi, 1993). 
b Includes both unilateral and bilateral phenotypes. 
c Percentage of total (number observed).
d Embryos which had an unconnected IXth cranial ganglion on one side and a IX X fusion on the other side.

H o x a 3 — — em bryo s  revealed  defects in th e  fo rm a tion  o f  th e  
IXth c ran ia l  nerve  in 10 o f  12 m u t a n t  h om o zy g o u s  em bryos  
ex am in ed  (Table 4). T h ese  defects fell in to  tw o  classes.  In 
25% of  em bry os  ex am in e d  th e re  was an ap paren t  de le t ion  
of th e  p ro x im a l  po r t io n  of th e  IXth c ran ia l  ganglion , w ith  
a r e m a in in g  p a tch  o f  n eu ro f i la m en t-p o s i t iv e  cells in th e  
n o rm  al loca t ion  o f  th e  d is ta l  p o r t ion  o f  th e  ganglion (Figs. 
6B and  6E). T h ese  em bryos  appeared to  have  at leas t som e

part  of th e  IXth cran ia l  ganglion ,  b u t  it w as no t  c o n n e c ted  
to  th e  h in db ra in .  T h is  p h e n o ty p e  m a y  rep resen t  th e  dele t ion  
o fn e u r a l  cres t-der ived  cells t h a t  c o n t r ib u te  to  th e  fo rm a tion  
o f  th e  super ior  ganglion, w i th  th e  re m a in in g  n e u ro f i la m e n t-  
p osi t ive  cells rep re sen t in g  th e  in ferior pe tro sa l  ganglion, 
w h ich  is th o u g h t  to  be p lacode derived.

T h e  second  class of m u t a n t  p h en o ty p e  seen in th e  H o x a 3  
m u t a n t  em b ry os  w as a fusion  o f  th e  IXth and  X th  cran ia l

FIG. 6. Development of the cranial nerves is defective in Hoxa3  mutants. Lateral views of cleared embryos stained in whole mount 
with the 2H3 anti-neurofilament antibody; dorsal is up, anterior is to the left. Genotypes are shown as + /+ , wild type; and aa, Hoxa3~'~.  
All visible cranial ganglia are identified in A and D, by roman numerals (V, VII, IX, and X). (A-C)E10.5 embryos. (A) In control embryos, 
all cranial ganglia are present and have readily visible connections to the hindbrain. (B) A Hoxa3  mutant with a class I IXth cranial 
ganglion mutant phenotype, in which there is a patch of neurofilament-positive cells in the correct location for the IXth cranial ganglion, 
but with no apparent connection to the hindbrain (arrow). (C) A Hoxa3  mutant with a fusion of the IXth and Xth ganglia (arrow). (D-F) 
E11.5 embryos. (D)At this stage the cranial nerves are well developed, and the IXth and Xth cranial ganglia are close together, but still 
clearly separated. (E) The IXth cranial ganglion in this Hoxa3  mutant appears as only a small patch (star). (F) Hoxa3  mutant appears to 
have a nearly complete fusion of the IXth and Xth cranial ganglia; what may be the remnants of the IXth cranial ganglion are indicated 
(star). Scale bar, 0.5 mm.
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ganglia, occurr ing  in 50% of H o x a 3  m u t a n t s  ex a m in ed  (Figs. 
6C and  6F). It is poss ib le  t h a t  th is  p h e n o ty p e  m a y  re su l t  
from th e  sam e  de le t ion  of p ro x im a l  s t ru c tu re s  described 
above. T h e  IXth and  Xth c ran ia l  ganglia  n o rm a l ly  b ecom e  
closely  a ssoc ia ted  as em b ry o n ic  d e v e lo p m e n t  p roceeds , and 
at b ir th  th e y  are difficult to  d is t ing u ish .  T h e  fus ion of th e se  
tw o  ganglia  seen in th e  H o x a 3  m u t a n t s  w as q u ite  different 
from th e  n o rm a l  close a ssoc ia tion  o f  th e se  ganglia  s ince th e  
IXth n erve  appeared  to  have  no in d e p e n d e n t  c o n n ec t io n  to 
th e  h in db ra in .  T h is  fusion  was m o s t  clearly  ev iden t  at 
E10.5, a stage w h en  G IX and  G X are n o rm a l ly  w ell  sepa 
ra ted  (Figs. 6A and  6C). At E 1 1.5, th is  defect cou ld  be s o m e 
t im e s  c o n s t ru e d  as a de le t ion  of th e  IX ganglion (Fig. 6F). 
H ow ever ,  as no cases o f  co m p le te  de le t ion  o f  th e  IXth g a n 
glion w ere  ever seen at E10.5, it is m o s t  like ly  t h a t  th e se  
rep resen t  e x tr e m e  cases o f  fus ion , r a th e r  th a n  to ta l  de le t ion .

All o f  th e  Ho xa3~' ~  em bryos  w i th  th e  de le t ion  o f  th e  
p ro x im a l  p o rt ion  of th e  IXth ganglion h ad  a b ila te ra l  defect. 
T h e  IX/X fusion defects w ere  seen bo th  b ila te ra lly  and  u n i 
la tera l ly .  In add it ion ,  one  em bry o  sho w ed  a ‘‘m i x e d ’’ p h e n o 
type, w i th  a IX/X fusion on one  side and  a de le t io n  of th e  
p ro x im a l  po rt ion  o f  th e  IXth ganglion on th e  o ther .

E x a m in a t io n  o f  th e  c ran ia l  nerves  in H o x b 3 _/_ em b ry os  
sh ow ed  th a t  bo th  classes o f  c ran ia l  ganglion p h e n o ty p e  w ere  
also p re sen t  in th e se  m u ta n t s ,  b u t  at a m u c h  low er p e n e 
trance .  O n ly  14% (3/22) sho w ed  defects; h ow ever ,  th e  n a 
tu r e  o f  th e  defects seen in th e s e  em bryos  was th e  sam e  as 
th a t  seen in th e  H o x a 3 _ _ em bryos  (Table 4). T w o  o f  th e se  
em bryos  had  defects t h a t  w ere  u n i la te ra l ,  and  one em bryo  
had  a b ila te ra l  IX/X fus ion. T h e  H o x b 3  m u t a n t s  therefo re  
have  defects in s t ru c tu re s  o f  tw o  separa te  em bryo log ica l  
origins, so m it ic  m e so d e rm  and  n e u ro n a l  n eu ra l  crest,  bu t  
th e se  defects are p re sen t  at a low p en e tra n c e .  T h e  cran ia l  
nerves in H o x d 3 _/_ em bryos  w ere  p rev iously  an a lyzed  by 
th is  m e th o d  and  sho w n  to be n o rm a l  (Condie and  C apecch i,  
1993). T h a t  re su l t  was co n f i rm e d  in th i s  analys is  (Table 4).

D ouble-M utant A n a lysis  o f  C ranial N erve  
D evelopm ent

T h e  above ana lys is  show ed  th a t  tw o  o f  th e  genes in th is  
para logous group have  defects in th e  fo rm a tio n  of th e  IXth 
c ran ia l  ganglion, a lbe i t  w i th  vary ing  p en e tran ce .  To d e te r 
m in e  if H o x d 3  p lays a role in d e v e lo p m en t  o f  th e  cran ia l  
ganglia, doub le  m u t a n t s  of all th r e e  c lasses w ere  ana lyzed  
by n e u ro f i la m e n t  s ta in ing .  Because th e  percen tag e  of 
H o x a 3 _/_ a n im a ls  sh o w in g  th e  c ran ia l  n erve  defects was 
already q u i te  h igh, and  th e  defects w ere  probab ly  th e  re su l t  
of a de le t ion  o f  s t ru c tu re s  (the n e u ra l  cres t-der ived  cells of 
th e  ganglion), it w as d ifficult to  assess an increase  in th e  
sever ity  of p e n e tra n c e  o f  th e  H o x a 3  p h e n o ty p e  in th e  
H o x a 3 / H o x b 3  and  H o x a 3 / H o x d 3  doub le  m u ta n t s .  T h e  re la 
t ive  percen tages  o f  th e  tw o  c lasses o f  m u t a n t  p h en o ty p es  
did n o t  s ign if ican tly  change,  no r  did th e  p ercen tage  of b i l a t 
eral vs u n i la te ra l  defects increase  (Table 4). H ow ever,  in th e  
H o x b 3 / H o x d 3  d oub le  m u ta n t s ,  an increase  from 14 to  42% 
was seen in th e  p e n e tra n c e  o f  th e  IXth c ran ia l  ganglion

defects over th a t  observed  in th e  H o x b 3  single m u t a n t .  T h is  
increase  in p e n e tra n c e  show s th a t  H o x d 3  does p lay  a role 
in cran ia l  n erve  d ev e lo p m en t ,  even th o u g h  th e  H o x d 3  single 
m u t a n t  does no t  show  a defect in th e se  s t ru c tu re s .  In over 
50% of  cases, h o w ever ,  tw o  fu n c t io n a l  copies o f  th e  H o x a 3  
gene a lone  w ere  ap p aren t ly  capable  o f  d irec t in g  correc t  d e 
v e lo p m e n t  o f  th e s e  s t ru c tu re s .  T h ese  re su l ts  are s im ila r  to  
th o s e  seen in th e  m e s e n c h y m a l  n e u ra l  cres t-der ived  th ro a t  
cart ilages.

D I S C U S S I O N

In i t ia l  genetic  analys is  o f  group 3 para logous H o x  gene 
fam ily  m e m b e rs  sh ow ed  th a t  d is rup tio n  o f  H o x a 3  r e su l ted  
in defects in t i s su e s  derived from th e  n eu ra l  cres t (C h isaka  
and  C ap ecch i ,  1991), w h ereas  m u t a t i o n s  in H o x d 3  show ed  
defects in so m it ic  m eso de rm -d e r iv ed  t i s su e s  (Condie and  
C ap ecch i ,  1993). T h ese  re su l ts  suggested  th a t  a l th ou gh  
th e se  tw o  para logous genes w ere  opera t in g  in th e  sam e  r e 
gion o f  th e  em bryo ,  th e y  fun c t io n e d  in t i s sues  o f  separa te  
em b ry o n ic  origins. H o w ev er ,  analys is  o f  m ic e  m u t a n t  for 
bo th  genes revealed  a m o re  co m plex  p ic tu re .  A l th ou gh  no 
overlap  in fu n c t io n  was ev id en t  in m ic e  ho m o zy g o u s  for 
d is ru p tio n s  in e i th e r  in d iv id ua l  gene, in th e  doub le  m u t a n t  
it w as c lear th a t  th e  p resence  o f  th e  H o x d 3  m u t a n t  alleles 
exacerba ted  th e  H o x a 3  defects,  and  converse ly  th e  H o x a 3  
m u ta t io n  en h a n c e d  th e  H o x d 3  m u t a n t  p h e n o ty p e  (Condie 
and  C ap ecch i ,  1994). Further ,  th e  degree of exacerba t ion  
w as p ro p o r t io n a l  to  th e  to ta l  n u m b e r  o f  d is rup ted  alleles 
carr ied  by th e  m u t a n t  m ice .  T h ese  re su l ts  suggest th a t  both  
H o x a 3  and  H o x d 3  are fu n c t io n a l  in n e u ra l  cres t and  so m it ic  
m eso de rm -d e r iv e d  t i s sues  bu t  th a t  th e  ro le  o f  H o x a 3  in 
fo rm ing  th e  a tlas and  axis on ly  b ecom es  a pp aren t  in th e  
absence  o f  H o x d 3  fu n c t io n .  S im ilarly ,  th e  ro le  o f  H o x d 3  in 
th e  d e v e lo p m en t  o f  n eu ra l  cres t-der ived  t i s sues  w as only  
ev id en t  in H o x a 3  m u t a n t  hom ozy go tes .

T h e  d a ta  described  in th i s  repor t  ex tend  th is  co ncep t  by 
sho w ing  th a t  no t  on ly  do th e se  para logous genes o pera te  in 
m u l t ip le  t i s sues  in th e  sam e  region o f  th e  em bryo ,  bu t  also 
often appear to  be p e rfo rm ing  eq u iv a le n t  fun c t io n s  w i th in  
th e se  t i s su es .  T h is  is p a r t icu la r ly  ev iden t  in th e  fo rm a tion  
o f  th e  cervica l vertebrae ,  w h e re  H o x a 3 / H o x d 3  and  H o x b 3 /  
H o x d 3  doub le  m u t a n t s  have  in d is t in g u ish ab le  defects, th e  
de le t ion  of th e  en t i re  a tlas. S im ilar  fu nc t ion  is also apparen t  
in th e  fo rm a tion  o f  th e  IXth nerve, in w h ic h  all th re e  doub le  
m u t a n t s  show  th e  sa m e  defect, th e  loss o f  th e  n eu ra l  cres t-  
derived c o m p o n e n t s  of th e  IXth nerve, b u t  differ on ly  in th e  
p e n e tra n c e  o f  th is  defect.

T h e  observa tion  th a t  th e  c o n tr ib u t io n s  o f  H o x a 3  and  
H o x b 3  in fo rm in g  th e  a tlas and  axis appear to  be eq u iv a len t  
in H o x d 3  m u t a n t  h o m o zy go tes  suggests th a t  th e  id e n t i ty  
o f  th e  H o x  genes opera t in g  in th e  deve lop ing  t i s su e  is no t 
as c r i t ica l  a factor as th e  n u m b e r  of H o x  genes fu n c t io n in g  
w i th in  th i s  t i ssue .  In fu r th e r  suppor t  o f  th is  concep t ,  m ic e  
t h a t  are h e te rozygous  for th e  H o x a 3  and  H o x b 3  m u ta t i o n s  
and  h o m o z y g o u s  for th e  H o x d 3  m u ta t io n  (i.e., H o x a 3  +/_/
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H o x b 3 +/—/ H o x d 3 —— m ice )  show  th e  sam e  C1, C 2  defects 
observed in H o x a 3 / H o x d 3  or H o x b 3 / H o x d 3  doub le  m u t a n t s  
(unpub l ish ed  data). T h u s ,  th e  perspec t ive  changes  from a 
q u a l i ta t iv e  o ne  to  a q u a n t i ta t iv e  one . A m o le c u la r  in te rp re 
ta t io n  of th i s  p h e n o m e n o n  suggests t h a t  in d iv id u a l  H o x  
genes m a y  no t  be ind iv idu a l ly  responsib le  for im p le m e n t in g  
a u n iq u e  d e v e lo p m en ta l  p rogram , b u t  ra th e r  th a t  m u l t ip le  
H o x  genes fu nc t ion  to g e th e r  to  m e d ia te  a p rogram  by c o n 
t ro l l ing  c o m m o n  ta rge t genes th ro u g h  c o m m o n  cis  e le 
m e n t s  and  th a t  for proper  d e v e lo p m e n t  it  is th e  s to ich io m e -  
try  o f  H o x  genes opera t in g  w i th in  a deve lop ing  t i s su e  th a t  
is cri tical.

In th e  absence  of H o x d 3 ,  th e  roles o f  H o x a 3  and  H o x b 3  
in fo rm ing  th e  cerv ica l  v er teb rae  C1 and  C 2 appear to  be 
equ iv a len t .  N e v e r th e le ss ,  H o x d 3  is m o re  im p o r ta n t  th an  
its paralogs in m e d ia t in g  th e  fo rm a tion  o f  th e s e  vertebrae . 
S im ilarly ,  H o x a 3  p red o m in a te s  over H o x b 3  and  H o x d 3  in 
d irec t ing  th e  fo rm a tion  o f  n eu ra l  cres t-der ived  s t ru c tu res .  
Such differences cou ld  be exp la ined  e i th e r  by th e  p rod uc t io n  
of  m o re  H o x d 3  or H o x a 3  p ro te in  in s o m it ic  m eso d e rm  or 
ne u ra l  cres t cells, respec tive ly ,  or by H o x d 3  and  H o x a 3  p ro 
te in s  hav ing  h ig he r  aff in it ies  for c o m m o n  ve rteb ra l  or n e u 
ral cres t t i s su e  ta rge t gene cis  e le m e n ts ,  respective ly .

T h e  de le t ion  o f  th e  a tlas in H o x a 3 / H o x d 3  and  H o x b 3 /  
H o x d 3  doub le  m u t a n t s  w o u ld  n o t  have  been p red ic ted  from 
th e  analys is  o f  m ic e  in d iv id ua l ly  h o m o zy g o u s  for m u ta t io n s  
in H o x a 3 ,  H o x b 3 ,  or H o x d 3 .  H o x a 3  m u t a n t  h o m o zy go tes  
show  no ap paren t  defects in th e  fo rm a tio n  o f  th e  atlas, 
H o x b 3  m u t a n t  h o m o zyg o tes  show  m i ld  and  low p e n e tr a n t  
defects in th e  fo rm a tion  o f  th e  an te r io r  arch o f  th e  atlas, 
and  H o x d 3  m u t a n t  m ic e  have  changes  in th e  shape o f  th e  
atlas so th a t  it re sem b le s  th e  shape o f  its ne igh bo r in g  a n t e 
r ior sk u l l  co m p o n e n ts ,  th e  ex- and  b as iocc ip i ta l  bones. T h e  
de le t ion  of th e  a tlas  in th e  doub le  m u t a n t s  suggests a role 
for th e s e  H o x  genes in th e  e s ta b l i sh m e n t ,  th e  pro l ifera tion , 
an d /o r  th e  m a in te n a n c e  o f  th e  p rech on d ro gen ic  anlage used 
to  form th e  atlas.

C o m p ar iso n  o f  th e  re su l ts  rep o r ted  here  w i th  th o se  of 
H oran  et  al. (1995a, b) is in s t ru c t iv e .  T h e se  a u th o rs  e x a m 
ined  th e  effects o f  co m b in in g  m u ta t io n s  in m u l t ip le  m e m 
bers of th e  group 4 para logous genes. R a th e r  th a n  de le t ions  
o f  cervica l vertebrae , th e  second  and  m o re  p o s te r io r  cervica l 
v erteb rae  acqu ired  shape  ch a rac te r is t ic s  assoc ia ted  w i th  th e  
first cerv ica l  vertebra ,  th e  atlas.  C o m b in in g  increas ing  
n u m b e r s  o f  group 4 m u t a n t  a lleles progressive ly  increased  
th e  e x te n t  and  n u m b e r  of cervica l ver teb rae  d e m o n s tra t in g  
th is  t r a n s fo rm a t io n .  P re l im in a ry  ana lys is  of m ic e  m u t a n t  
for all th re e  group 3 para logous genes suggests t h a t  in c rea s 
ing th e  n u m b e r  o f  m u t a n t  alleles o f  th e s e  genes p rog res 
sively ex tend s  th e  de le t ion  o f  cerv ica l  v erteb rae  beyond  C1 
(unpub l ish ed  data). T h e  co n tra s t in g  re su l ts  ob ta in ed  by 
co m b in in g  e i th e r  group 3 or group 4 m u t a n t  a lle les suggest 
th a t  w h i le  bo th  sets of genes are requ ired  for th e  fo rm a tion  
of cervica l vertebrae , th e y  fun c t io n  at different t im e s  d ur ing  
d ev e lo p m en t .  T h e  group 3 genes w o u ld  be requ ired  early in 
d ev e lo p m e n t  and  th e i r  absence  re su l ts  in early  fa i lu re  to 
form th e  cervical vertebrae , w hereas  th e  group 4 genes

w o u ld  fun c t io n  la te r  in d ev e lo p m en t ,  causing  changes  in 
th e  id e n t i ty  o f  ve rteb ra l  s t ru c tu re s  w h ich  have  a lready been 
specified to  fo r m . Both o f  th e se  m u t a n t  p h e n o ty p es  are c o n 
s i s ten t  w i th  H o x  genes fu n c t io n in g  to  in f luen ce  cell p ro l if
e ra t ion  b u t  at different t im e s  d u r in g  d ev e lo p m en t  o f  th e se  
s t ru c tu re s .  C o n s is te n t  w i th  th i s  hy po th es is ,  H o x  group 3 
genes are ac t iv a ted  prior to  H o x  group 4 genes (D uboule  
and  D olle ,  1989; G rah am  et  al.,  1989).

T h e  suggested  ro les  for group 3 and  group 4 para logous 
genes in fo rm ing  th e  cervica l v erteb rae  are in accord  w ith  
m o d e ls  p roposed  for m o re  po s te r io r  genes in m e d ia t in g  th e  
fo rm a tio n  of th e  l im bs .  Loss-of-function m u t a t io n s  affec t
ing l im b  d ev e lo p m en t  are also m o s t  read ily  in te rp re ted  in 
t e r m s  o f  changes  in cell p ro l ife ra tion  (Dolle et  al., 1993; 
P o tte r  and  Small, 1993; D avis  and  C apecch i,  1994, 1996). 
In add it ion ,  th e  analys is  o f  m ic e  w i th  m u l t ip le  H o x  gene 
m u t a t i o n s  ind ica te s  th a t  m u l t ip le  H o x  genes are used  q u a n 
t i ta t iv e ly  to  con tro l  th e  grow th  and  p a t te rn in g  o f  th e  l im bs ,  
and  th a t  th e  id e n t i ty  of th e  H o x  gene t h a t  is m u ta te d  m a y  
be less c r i t ica l  th a n  th e  n u m b e r  o f  H o x  genes opera t ing  in 
a given l im b  zone  (Davis et  al.,  1995; D avis  and  C apecch i,  
1996; Favier et  al., 1996; F ro m en ta l -R am a in  e t  al., 1996; 
H e rau l t  et  al., 1996; Z a k a n y  and  D u b ou le ,  1996). Finally, 
s ince  in H o x a 1 1 / H o x d 1 1  doub le  m u t a n t s  on ly  a vestige of 
th e  rad ius  and  u ln a  is form ed, w h ereas  in H o x a 1 1 / H o x d 1 2  
doub le  m u t a n t s  th e  leng th  o f  th e se  long  bones is reduced  
to  app ro x im a te ly  o ne -h a lf  o f  th e i r  n o rm a l  leng th ,  th e  sug
gest ion  again arises t h a t  th e se  H o x  genes are fu n c t io n in g  
in l im b  d ev e lo p m en t  d u r ing  at leas t  tw o  separa te  phases ,  
du r ing  th e  specifica tion  o f  th e  p rech o n d ro g en ic  c o n d e n sa 
t io n s  and  d ur ing  th e  o u tg ro w th  o f  th e  long  bones t h e m 
selves (Davis and  C ap ecch i ,  1996). D u r in g  th e  p a t te rn in g  of 
th e  verteb ra l  c o lu m n  and  l im bs ,  H o x  genes could  readily  
be m o d u la t in g  th e  ac t iv i ty  o f  very s im ila r  sets  o f  ta rget 
genes.

A nalys is  o f  th e  role o f  group 3 para logous genes in th e  
d ev e lo p m e n t  of th e  cran ia l  nerves  has revea led  a p rev iously  
u n rep o r ted  p h e n o ty p e  for th e  H o x a 3  m u ta t io n  in th e  d ev e l
o p m e n t  o f  th e  IXth cran ia l  nerve . T h e  re su l ts  in d ica te  th a t  
H o x a 3  fun c t io n s  in bo th  n e u ro n a l  and  m e s e n c h y m a l  neu ra l  
crest.  T h is  m u t a n t  p h e n o ty p e  rep resen ts  an app aren t  o v e r 
lap w i th  defects repor ted  for H o x a 2  m u ta n t s ,  w h ic h  also 
show  a de le t ion  of th e  p ro x im a l  po r t ion  o f  th e  IXth cran ia l  
nerve. H o x a 2  m u t a n t s  d isplay  a de le t ion  o f  th e  lesser horn  
and  a red u c t io n  o f  th e  grea ter horn  o f  th e  h yo id  bone, w h ich  
are also redu ced  or de le ted  in H o x a 3  m u ta n t s .  H ow ever ,  
p rev ious  repor ts  have  sh ow n  th a t  expression  o f  th e  H o x a 2  
gene was n o t  changed  in H o x a 3  m u t a n t  em bryos ,  nor is 
H o x a 3  expression  a l te red  in H o x a 2  m u t a n t s  (G endron-M a- 
guire e t  al., 1993; Rijli  e t  al.,  1993; M an ley  and  C apecchi,
1995). T herefore ,  th e se  overlapp ing  m u t a n t  p h e n o ty p e s  ap 
pear to  rep re sen t  c o m m o n  fu n c t io n s  for th e s e  tw o  n e ig h 
boring  genes. T h e  H o x b 3  m u ta t i o n  also does n o t  appear to  
a l te r  expression  o f  th e  ne ig hb o r ing  H o x b 2  and  H o x b 4  genes. 
C o n s is te n t  w i th  th i s  o bserva t ion ,  H o x b 3  m u t a n t  defects do 
no t  overlap  w i th  H o x b 2  and  H o x b 4  m u t a n t  p h eno ty pes .  
T h is  is in co n tra s t  to  th e  H o x b 2  m u ta t i o n  w h ic h  c r i t ica lly
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a lters bo th  H o x b 1  and  H o x b 4  expression  (Barrow and  C a 
pecchi ,  1996).

T h e  cause  o f  early  n e o n a ta l  death  observed in H o x a 3  m u 
ta n t  h o m o zy g o tes  in all  o f  th e  group 3 dou b le  m u t a n t  c o m 
b in a t ion s ,  and  even in th e  t r ip le  he te rozygous  m ice ,  has no t  
been d e te rm in ed .  H ow ev er ,  th e  p rop o r t ion  o f  m ic e  th a t  die 
sh or tly  after b ir th  corre la tes  w i th  th e  p ropor t ion  o f  m ic e  
sho w ing  b i la te ra l  defects in th e  fo rm a tio n  o f  th e  IXth nerve. 
T h e  IXth cran ia l  nerve, or g lossopharyngea l nerve , in n e r 
vates  th e  s ty lop hary ng eus  m u sc le ,  w h ich  is invo lved  in 
sw allow ing .  Im proper  d e v e lo p m e n t  of th i s  n erve  cou ld  a f
fect th e  ab il i ty  to  sw allow  food and  suck le .  N o n e  o f  th e  
pups  found  dead on th e  first day after b ir th  had  m i lk  in 
th e i r  s to m ach s .  M any  w ere  also cyano tic ,  in d ic a t in g  a diffi
c u l ty  in b rea th ing ,  w h ich  m a y  also in d ica te  defects in th e  
fo rm a tion  o f  th e  X th  nerve. T h e  fu nc t io n  o f  th e  X th  nerve  
could  be affected by m is ro u t in g  of  signals w h ich  w o u ld  n o r 
m a l ly  be co n n e c te d  th ro u g h  th e  IXth nerve. In te res t ing ly ,  
a sm a ll  n u m b e r  o f  H o x b 3  —/— new b o rn s  w ere  also found  dead 
soon after b ir th ,  c o n s i s te n t  w i th  th e  low frequency  o f  t h e  
IXth c ran ia l  n erve  defects seen in th e  H o x b 3  m u t a n t  e m 
bryos.

T h e  full range o f  fu n c t io n s  m ed ia te d  by group 3 p a ra lo 
gous genes shou ld  b eco m e  ev id en t  from th e  analys is  o f  th e  
t r ip le  m u ta n t s .  T h is  analys is ,  how ever ,  is te ch n ic a l ly  h a m 
pered because  m o s t  m ic e  he te rozy go us  for all th re e  group
3 genes die before w ean ing .  T h e  dea th  o f  th e  t r ip le  h e te ro z y 
gotes is su rp ris ing  s ince  m ic e  he te rozy go us  for th e  in d iv id 
ual genes appear n o rm a l ,  are fertile , and  live n o rm a l  life 
spans. In add it ion ,  m o s t  H o x b 3  m u t a n t  h o m o zy go tes  also 
appear n o rm a l  and  are fertile . T h e  observed  death  o f  th e  
t r ip le  he te ro zyg o tes  again s tresses th e  im p o r ta n c e  o f  th e  
q u a n t i ta t iv e  ba lance  of reg iona l H o x  gene expression  during  
em b ry o n ic  d ev e lo pm en t.

In su m m a ry ,  th ro u g h  th e  analys is  o f  th e  H o x  group 3 
doub le  m u ta n t s ,  w e have  d e m o n s t ra te d  th a t  all th re e  p a ra lo 
gous genes in te rac t  to  form m u l t ip le  s t ru c tu re s  w i th in  th e  
th ro a t  region o f  th e  em bryo .  T h is  inc ludes  t i s su es  o f  sep a 
ra te  em b ry o n ic  regions. T h e  n a tu re  o f  th e  in te ra c t io n s  sug
gests th a t  th e  in d iv id ua l  fun c t io n s  of th e s e  H o x  genes d u r 
ing d e v e lo p m e n t  are o f  less im p o r ta n c e  th a n  th e  s u m m a t io n  
of th e i r  ac tiv it ies .  In a n u m b e r  o f  c o n tex ts  th e  different 
para logous genes appear to  be p e rfo rm in g  eq u iva len t  fu n c 
tions .
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