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The thymus, thyroid, and parathyroid glands in vertebrates develop from the pharyngeal region, with contributions both 
from pharyngeal endoderm and from neural crest cells in the pharyngeal arches. H o x a 3  mutant homozygotes have defects 
in the development of all three organs. Roles for the H o x a 3  paralogs, H o x b 3  and H o x d 3 ,  were investigated by examining 
various mutant combinations. The thyroid defects seen in H o x a 3  single mutants are exacerbated in double mutants with 
either of its paralogs, although none of the double-mutant combinations resulted in thyroid agenesis. The results indicate 
that the primary role of these genes in thyroid development is their effect on the development and migration of the 
ultimobranchial bodies, which contribute the parafollicular or C-cells to the thyroid. H o x b 3 , H o x d 3  double mutants show 
no obvious defects in the thymus or parathyroids. However, the removal of one functional copy of H o x a 3  from the 
H o x b 3 , H o x d 3  double mutants ( H o x a 3 +/ , H o x b 3 0  , H o x d 3 ) results in the failure of the thymus and parathyroid glands 
to migrate to their normal positions in the throat. Very little is known about the molecular mechanisms used to mediate 
the movement of tissues during development. These results indicate that H o x a 3 ,  H o x b 3 ,  and H o x d 3  have highly overlapping 
functions in mediating the migration of pharyngeal organ primordia. In addition, H o x a 3  has a unique function with respect 
to its paralogs in thymus, parathyroid, and thyroid development. This unique function may be conferred by the expression 
of H o x a 3 ,  but not H o x b 3  nor H o x d 3 ,  in the pharyngeal pouch endoderm. © 1998 Academic Press

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

T h e  H o x  gene fam ily  in th e  m o u s e  cons is ts  o f  39 genes 
enco d ing  t r an sc r ip t io n  factors w h ic h  fun c t io n  to  regu la te  
em b ry o n ic  d e v e lo p m e n t  a long  th e  an te ro p o s te r io r  axis 
(C hisaka  and  C ap ecch i ,  1991; C h isa k a  e t  al.,  1992; Le- 
M ou e l l ic  et  al., 1992; C on d ie  and  C ap ecch i ,  1993, 1994; 
D o lle  et  al.,  1993; G en d ro n -M ag u i re  e t  al., 1993; Jean no t te  
et  al., 1993; R am irez-Solis  e t  al.,  1993; Rijli  e t  al., 1993, 
1995; Sm all  and  Potte r ,  1993; D avis  and  C apecch i ,  1994, 
1996; Kostic and  C apecch i,  1994; D avis  e t  al., 1995; Sato- 
k a ta  et  al.,  1995; S uem o r i  e t  al., 1995; Barrow and  C apecch i,  
1996; Benson e t  al., 1996; Boulet and  C ap ecch i ,  1996; Fro- 
m e n ta l -R a m a in  e t  al., 1996a,b; G o ddard  e t  al.,  1996; Z a k a n y  
and  D u b o u le ,  1996). To date ,  th e  analys is  o f  H o x  genes has 
been p r im ar i ly  d irec ted  to w ard  u n d e rs ta n d in g  th e i r  roles in
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th e  d e v e lo p m e n t  o f  th e  so m it ic  and  n eu ra l  cres t-derived  
ske le ton ,  th e  cen tra l  nerv ou s  sy s tem , and  th e  l im bs .  M uch  
less is k n o w n  abo u t  th e  ro les  th e se  genes p lay  in m e d ia t in g  
organogenesis .  M any  o f t h e  H o x  genes have  co m p lex  ex p res ­
sion p a t te rn s  in deve lop ing  organs, and  even in adu lt  organ 
t i s su e  (Dony and  G ru ss ,  1987; G a u n t ,  1987; K ru m la u f  et  
al., 1987; Fibi e t  al., 1988; H o llan d  e t  al., 1988; S chughart  
e t  al.,  1988; Bogarad e t  al.,  1989; G a u n t  et  al.,  1989, 1990; 
F ro h m an  e t  al.,  1990; Kress e t  al., 1990; D o lle  et  al., 1991; 
W hit in g ,  1991; G ead a  et  al.,  1992; Sham e t  al., 1992; Tan 
e t  al., 1992; W all e t  al.,  1992; Behringer et  al.,  1993; G o to  
e t  al.,  1993; H aack  and  G russ ,  1993; P e te rson  et  al.,  1994), 
b u t  few of th e  H o x  m u t a n t s  described  to  da te  have  been 
sh ow n  to  have  defects in o rganogenesis  or organ fun c t ion .  
T h is  m a y  ind ica te  t h a t  th e  ro le  of H o x  genes in o rgan og ene­
sis is h igh ly  re d u n d a n t .  C o n s is te n t  w i th  th i s  hypo thes is ,  
w h i le  n e i th e r  H o x a 1 1  nor H o x d 1 1  s ingle m u t a n t s  show 
ab n o rm a l  k id n e y  de v e lo p m en t,  H o x a 1 1 , H o x d 1 1  doub le  
m u t a n t s  have  severe k id n e y  defects, in c lu d in g  agenesis 
(Davis e t  al.,  1995).

T h e  first H o x  m u t a n t  m o u s e  described, th e  H o x a 3  m u ­
ta n t ,  has m u l t i p le  defects in o rganogenesis .  In add it ion  to
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defects in th e  d e v e lo p m e n t  o f  th e  th r o a t  cart ilages and  c ra ­
n ia l  nerves (C h isaka  and  C ap ecch i ,  1991; M an ley  and  C a ­
pecchi ,  1995, 1997), th e se  m ic e  m u t a n t  for H o x a 3  show ed 
de le t ion s  o f t h e  th y m u s ,  and  para th y ro id s ,  as w e l l  as th y ro id  
hypoplas ia .  H o x a 3  is expressed  in bo th  th e  neu ra l  crest-  
derived m e s e n c h y m a l  cells o f  th e  pha ry ng ea l  arches and  in 
th e  pha ry ng ea l  e n d od erm .  T h e  H o x a 3  m u t a n t  p h e n o ty p e  
appears to  ref lect defic iencies  in bo th  o f  th e s e  cell  types  
(M anley  and  C apecch i,  1995).

T h e  pharyngeal g landular organs in m a m m a ls  have  c o m ­
plex d ev e lo pm en ta l  origins. All o f  th ese  organs, thyro id , t h y ­
m u s ,  para thyro ids, and  u l t im o b ran c h ia l  bodies, develop c o n ­
curren t ly  and  m ig ra te  from th e i r  sites o f  origin in th e  p h a r ­
ynx and  pharyngeal pouches  to  th e i r  final posi t ions  along 
th e  ven tra l  m id l in e  o f  th e  pharyngeal and  upper thorac ic  
region. T h e  n o rm a l  m igra t ion  and  d e ve lop m en t of th ese  o r ­
gans in th e  m o u s e  is show n in Fig. 1. In addition  to  the ir  
m ig ra t ion  p a t te rns ,  th e  organ p r im ord ia  in te rac t  w ith  one 
an o th e r  during  th ese  m igra t ions .  A lthough  th ey  arise in d e ­
penden tly ,  th e  para thyro ids  m ig ra te  in association  w ith  the  
th y m ic  lobes and th en  stop and  becom e closely associated 
w ith  th e  thy ro id  gland. T he  para thyro ids can b ecom e e m b e d ­
ded w i th in  th e  thyro id , bu t a lw ays rem ain  as a separate o r­
gan. Even m o re  s trikingly, th e  u l t im o b ra n c h ia l  bodies a c tu ­
ally fuse w ith  th e  thy ro id  in m a m m a ls ,  and  th e i r  cells, the  
parafoll icular cells, fully disperse w ith  th e  th y ro id  follicular 
cells. Th is  is in con tra s t  to  birds and fish, in w h ich  these  
com plex  m o v e m e n ts  and in te rac t ion s  do no t tak e  place. In 
ch ickens  and  zebrafish, t h e  pharyngeal pouch-derived  glands 
(thym us, para thyro ids,  and  u l t im o b ran c h ia l  bodies) develop 
en tire ly  at th e i r  sites of origin and  rem ain  as b ila teral p h a ry n ­
geal s t ruc tures .  T h e  m o lecu la r  m e c h a n ism s  underly ing  these  
m o v e m e n ts  in m a m m a l s  are poorly unders tood .  As w e will 
see, how ever,  it is in tr igu ing  th a t  in m a m m a l s  H o x  genes, 
w h ich  are used to  specify posi t ion  along th e  m ajo r  em bryon ic  
axis, also affect th e  m ig ra to ry  p a t te rn s  o f  these  organs.

P rev iously , w e e x am in ed  th e  effect o f  gene tic  in te rac t io n s  
b e tw een  m u t a t i o n s  in group 3 para logous H o x  genes, 
H o x a 3 ,  H o x b 3 ,  and  H o x d 3 ,  on th e  fo rm a tio n  o f  th e  axial 
ske le ton  and  cran ia l  ganglia  (M anley  and  C apecch i,  1997). 
Surpr is ing ly  in th e  s tud ies  o f  cervica l v erteb rae  fo rm a tio n ,  
m ic e  doub ly  m u t a n t  for H o x a 3  and  H o x d 3  or H o x b 3  and 
H o x d 3  sh ow ed  in d is t in g u ish a b le  defects, th e  loss o f  th e  e n ­
t i re  a tlas.  T h is  re su l t  suggested  th a t  in th e  co n tex t  o f  th e  
first cervical vertebra ,  th e  id e n t i ty  o f  w h ich  specific H o x  
genes are fu n c t io n a l  w i th in  a region is n o t  as cr i t ica l  as th e  
to ta l  n u m b e r  o f  H o x  genes opera t in g  in th a t  region. T hu s ,  
th e  pe rspec t ive  changes  from a q u a l i ta t iv e  one  to  a q u a n t i t a ­
t ive  one. A m o le c u la r  in te rp re ta t io n  o f  th i s  obse rva t ion  sug­
gests th a t  H o x  genes m a y  no t  be responsib le  in d iv id ua l ly  for 
im p le m e n t in g  a u n iq u e  d e v e lo p m e n ta l  p rogram , b u t  ra th e r  
th a t  m u l t ip le  H o x  genes m a y  fu n c t io n  tog e th e r  to  m e d ia te  
a program by co n tro l l in g  c o m m o n  target genes th ro ug h  
c o m m o n  cis  e lem en ts ,  and  th a t  for p roper  d e v e lo p m en t ,  it 
is th e  s to ic h io m e try  o f  H o x  genes opera t ing  w i th in  a d ev e l­
oping t i s su e  th a t  is c r i t ica l  (M anley  and  C apecch i ,  1997).

N ev e r th e le s s ,  p a r t icu la r  H o x  genes appear to  hav e  d o m i­
n a n t  roles in th e  d ev e lo p m en t  o f  specific s t ru c tu re s .  H o x d 3 ,

for exam ple ,  is m o re  im p o r ta n t  th a n  its paralogs in m e d i a t ­
ing th e  fo rm a tion  of th e  cervical vertebrae .  W h ile  H o x d 3 -  
m u t a n t  h o m o zyg o tes  show  defects in th e  fo rm a tion  o f  th e  
a tlas  and  axis (Condie and  C ap ecch i ,  1993), H o x a 3 -m u ta n t  
h o m o zy g o te s  do no t,  and  H o x b 3  m u t a n t s  show  on ly  very 
m i ld  cerv ica l  v er teb rae  m a l fo rm a t io n s  at low p e n e tra n ce  
(M anley and  C apecch i,  1997). W ith  respect to  th e  fo rm ation  
o f  th e  phary ng ea l  g landu la r  organs, H o x a 3  appears to  be th e  
m a jo r  player .  As a lready m e n t io n e d ,  H o x a 3 -m u ta n t  h o m o ­
zygotes have  defects in th e  fo rm a tio n  of th e  th y m u s ,  t h y ­
roid, and  para thy ro id s .  O n  th e  o th e r  h and ,  m ic e  ind iv idu a l ly  
m u t a n t  for H o x b 3  or H o x d 3  do n o t  show  defects in th ese  
organs. W e repor t  here  th a t  th e re  is also a q u a n t i ta t iv e  c o m ­
p o n e n t  in th e  effect of H o x 3  genes on th e  d ev e lo p m en t  of 
th e  pha ryn gea l  g landu la r  organs. In m ic e  do ub ly  m u t a n t  for 
H o x a 3  and  H o x b 3  or H o x a 3  and  H o x d 3 ,  th e  defects in th e  
th y ro id  and  u l t im o b ra n c h ia l  bodies are exacerbated .  F u r ­
th e rm o re ,  w h i le  H o x b 3 , H o x d 3  doub le  m u t a n t s  have  no ob ­
v ious  defects in th e  th y m u s  or p a ra thy ro ids ,  re m o v a l  of 
one  fu n c t io n a l  copy o f  H o x a 3  from such doub le  m u t a n t s  
( H o x a 3 +I ~ , Hoxb3~'  ~ , Hoxd3~'  0) re su l t s  in t h e  failure  o f th ese  
organ p r im o rd ia  to  m ig ra te  to  th e i r  n o rm a l  p o s i t io ns  in th e  
th ro a t .  T h u s ,  th e se  th re e  H o x  genes have  h igh ly  overlapping  
fu n c t io n s  in m e d ia t in g  th e  proper m ig ra t io n  o f  th e s e  organs.

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

G eneration o f  Single, D ouble, and  Triple M utan ts  
and G enotype A na lysis

Mice heterozygous for the Hoxa3, Hoxb3,  or Hoxd3  mutation or 
homozygous for the Hoxb3  mutation were intercrossed to generate 
homozygous mutants for each of the individual genes. Mouse colo­
nies for the three double-mutant combinations were generated by 
crossing either Hoxb3  heterozygous or homozygous mutants with 
Hoxa3  or Hoxd3  heterozygotes. The mutations in the Hoxa3,  
Hoxb3,  and Hoxd3  genes, and protocols for genotyping by Southern 
blot or PCR analysis, have been described previously (Chisaka and 
Capecchi, 1991; Condie and Capecchi, 1993; Manley and Capecchi, 
1995, 1997). Double mutants were generated by intercrossing dou­
ble heterozygous animals within each colony. Animals which were 
homozygous mutant for Hoxb3  and heterozygous for either of the 
other paralogs were also used as parents in crosses to generate 
double mutants. Hoxa3+I~,Hoxb3~'0, Hoxd3~'0 newborns were 
generated by intercrossing triple heterozygotes. All colonies were 
maintained on a mixed C57BL6 X 129Sv genetic background. Lit­
ters were collected for analysis immediately after birth, or at E18.5 
by cesarean section. Embryonic age was estimated considering 
noon of the day of a vaginal plug as E0.5.

Histology

For paraffin sectioning, newborn mice were sacrificed by CO2 as­
phyxiation, fixed in 4% formaldehyde in phosphate-buffered saline 
(PBS), and embedded in Paraplast X-tra. Ten-micrometer sections 
were stained with hematoxylin and eosin (H&E), mounted in DPX, 
and photographed as previously described (Mansour et al., 1993).
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FIG. 1. Diagram of normal pharyngeal organ development in the mouse. (A) Dorsal view of the ventral half of the pharyngeal region of 
an E11.5-day embryo. The thyroid primordium forms first, at about E10.5, as a diverticulum from the ventral floor of the oropharynx, 
and is the source of thyroxin-producing follicular cells in the mature thyroid. By E11.5 the thyroid diverticulum, shown in blue, has 
separated from the floor of the pharynx at the approximate level of the second pharyngeal arch and is moving caudally down the ventral 
midline. The derivatives of the third and fourth pharyngeal pouches, the thymus, parathyroids, and ultimobranchial bodies are beginning 
to form. (B) By E13.5, the thyroid reaches its approximate final location and forms two lateral lobes connected caudally by an isthmus. 
Remnants of thyroid tissue along the medial migration route begin to disintegrate (blue dots). As the bilateral pouch-derived organ 
primordia form, they separate from the pharynx and migrate from their origination sites medially, ventrally, and caudally. The thymus 
and parathyroids migrate together. The two thymus primordia (purple) are lateral to the thyroid, and the parathyroids (red) are associated 
with the thymus lobes at their cranial ends. The ultimobranchial bodies (green) are near the cranial aspects of the thyroid lobes. The 
cartilage primordium of the hyoid bone begins to condense (gray). By E14.5, the thyroid has basically assumed its final shape, and is 
located ventral to the caudal aspect of the condensing laryngeal cartilages (gray). The ultimobranchial bodies are embedded in the thyroid 
lobes, but are still distinct structures. As they pass lateral to the thyroid lobes, the parathyroids detach from the thymus lobes and become 
associated with the thyroid. The parathyroids remain as separate organs, located lateral to or embedded in the thyroid lobes. The thymus 
lobes join at the midline and form a bilobed organ on the midline above the heart, in the anterior mediastinum. By E15.5 pharyngeal 
organ migration is essentially complete, although the ultimobranchial bodies are still visible as discrete cell populations within the thyroid 
lobes. They eventually fuse completely with the thyroid lobes, and in the newborn (NB) thyroid, ultimobranchial body-derived cells can 
be seen as calcitonin-positive cells distributed throughout the lobes (Hilfer, 1968; Rogers, 1927, 1971; Moseley et al., 1968; Pearse and 
Carvalheira, 1967; Williams et al., 1989).

Im m unoh istochem istry

Calcitonin and thyroglobulin immunohistochemistry were per­
formed as previously described (Manley and Capecchi, 1995). Both 
hormones were detected using commercially available polyclonal 
antibodies against human calcitonin or thyroglobulin (ICN). Appro­
priate staining was seen only in the thyroid or ultimobranchial 
bodies with both antibodies. Briefly, newborn animals were sacri- 
fi ced by CO 2 asphyxiation, fi xed in 4% form aldehyde in PBS over­
night at room temperature, and embedded in paraffin. Ten- or 12-

Mm serial sections were collected and processed for immunostain­
ing using a horseradish peroxidase-conjugated secondary antibody 
(Wall et al., 1992; Gamer and Wright, 1993). Continuous serial 
sections from the level of the hyoid bone (or above) through the 
normal level of the thymus were examined. Primary antibody incu­
bation was performed using a 1:200 dilution; appropriate secondary 
antibodies were used at 1:1000. Color reactions were developed 
using diaminobenzidine. Sections were counterstained with nu­
clear Fast Red (Mansour et al., 1993), and mounted in DPX. Five 
each of the Hoxa3,Hoxb3  and Hoxb3,Hoxd3  double mutants were

Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
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FIG. 2. Immunohistochemistry with anti-calcitonin (A and B) and anti-thyroglobulin (C-E) antibodies. Each panel shows a transverse 
section through one thyroid lobe of a newborn mouse. The signal was visualized with DAB (brown staining) and counterstained with 
nuclear Fast Red. Dorsal is up. (A) Calcitonin positive cells are scattered throughout the thyroid lobe in a wild-type animal. The parathyroid 
gland is also visible in this section (pt). (B) A similar pattern of staining is seen in a Hoxb3  mutant newborn. (C-E) All genotype classes 
tested had the same pattern of staining with the anti-thyroglobulin antibody, with strong staining in the follicular cells and in the lumen 
of the follicles. + /+ ,  wild type; bb, Hoxb3~'~; Bb, Hoxb3+'~; aabb,  Hoxa3~'~,Hoxb3
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TABLE 1
Summary of Thyroid and Ultimobranchial Body (ub) Defects

N o. of ub 
defects

Types of ub 
defects present

Thyroid 
lateral 

lobe absent 
(hemiagenesis)

Thyroid isthmus 
defects present Thymus phenotype

Parathyroid
phenotype

aaa 3/5 unilateral 3 persistent 3/5 3/5 absent 
2/5 displaced

Absent Absent

bb 0/4 — 0 0 N orm al N orm al
dd 0/5 — 0 0 N orm al N orm al
aabb 2/5 unilateral 

3/5 bilateral

1 persistent 
1 absentb
1 persistent bilateral 
1 persistent (L), partly fused (R) 
1 persistent (L), absent (R)

1/5 2/5 absent 
3/5 pyram idal

Absent Absent

aadd 6/6 bilateral persistent 3/6 5/6 absent 
1/6 pyram idal

Absent Absent

bbdd 2/5 bilateral partly fused 0 0 N o rm a l N orm al
AaBbDd 0/5c — 0 0 N o rm a l N orm al
A a b bD d 2/2 unilateral 2 persistent 0 0 1 unilateral, ectopic 1 bilateral, ectopic 

1 unilateral, ectopic
Aabbdd 0/2 — 0 0 2 bilateral, ectopic 2 bilateral, ectopic

a Genotype abbreviations are listed as: aa, Hoxa3~'—; bb, Hoxb3~'~; dd,  Hoxd3~'—. Multiple mutants are listed as combinations of these 
designations, i.e., aabb,  Hoxa3~'—, Hoxb3~'~.

b Absent ubs were scored as absence of both a persistent ub and calcitonin-positive cells within the thyroid lobe on a single side; see 
text.

c None of the three mutant classes containing all three genes (AaBbDd, A ab bDd,  A a b b d d ) were assayed for calcitonin expression; 
therefore, ub phenotypes were scored only for persistent, but not absent or partly fused, ubs.

examined by immunohistochemistry with both antibodies. Six 
Hoxa3,Hoxd3  mutants were examined, three with antibody stain­
ing and three with H&E staining of serial sections.

W hole-M ount in Situ  H ybrid iza tion  and  Sectioning

Whole-mount in situ hybridizations were performed as described 
(Carpenter et al., 1993; Manley and Capecchi, 1995). E10.5 mouse 
embryos were fixed overnight in 4% formaldehyde in PBS, then 
dehydrated into methanol and stored at —20°C until use. The digox- 
igenin-labeled RNA probes were used at 0.5 Mg/ml. Alkaline phos­
phatase-conjugated anti-digoxigenin Fab fragments were used at 
1:5000. Color reactions were carried out for 2 to 15 h. Embryos 
were photographed without clearing with Ektachrome 160T film 
using a Wild dissecting microscope.

The following probes were used for whole-mount in situ hybrid­
ization. The Hoxa3  antisense probe was transcribed from a 650- 
base-pair EcoRI cDNA fragment containing part of the first coding 
exon and the homeobox (Manley and Capecchi, 1995). The Hoxb3  
probe was made from a 550-bp cDNA fragment which spans the 
Hoxb3  stop codon and included part of the 3'UTR. The Hoxd3  
probe was made from a 900-bp cDNA fragment which has been 
previously described (Condie and Capecchi, 1993).

Embryos stained in whole mount were processed for sectioning 
by standard paraffin embedding. Embryos were sectioned at 10 ^m, 
counterstained with nuclear Fast Red (Mansour et al., 1993), and 
mounted in DPX. Sections were photographed in bright field with 
didymium and neutral density filters using Ektachrome 64T film 
on a Leitz Ortholux microscope.

R E S U L T S

H oxb3 and H oxd3 Single M utan ts  H ave N orm al 
T hyro id  G lands

T h e  genera t ion  and  cha rac te r iz a t io n  o f m ic e  w i th  in d iv id ­
ual ta rge ted  d is ru p t io n s  in H o x a 3 ,  H o x b 3 ,  or H o x d 3  have  
been p rev iously  described  (C h isaka  and  C apecch i ,  1991; 
C o n d ie  and  C apecch i ,  1993; M an ley  and  C apecch i,  1997). 
T h e  th y ro id  defects in H o x a 3  single m u t a n t s  in c lu d e  h em ia -  
genesis o f  th e  th y ro id ,  de le t ion  or d isp la cem en t  of th e  i s th ­
m u s ,  and  red u c t io n  or ab sen ce  o f  C cells in th e  th y ro id  
lobes (M anley and  C apecch i,  1995). Lack of C cells in th e  
th y ro id  in th e s e  m u t a n t s  is assoc ia ted  w i th  th e  failure  of 
th e  u l t im o b ra n c h ia l  bodies, c o n ta in in g  th e  C cells, to  fuse 
w i th  th e  th y ro id .  Both H o x b 3 —~ and  H o x d 3 —— an im a ls  
have  a th y ro id  gland th a t  appears n o rm a l  in size and  o rg a n i­
za tion .  T h ese  m u t a n t  an im a ls  show ed  a b ilobed  th y ro id  
w i th  w ell-o rgan ized  follicles and  a n o rm a l ly  p laced  i s th m u s  
t h a t  w ere  in d is t in g u ish ab le  from w ild  type.

For a m o re  de ta i led  analys is  o f  th e  th y ro id ,  im m u n o h i s to -  
c h e m is t ry  w as pe rfo rm ed  u s ing  an t ibo d ies  ra ised  agains t 
ca lc i ton in  and  th y ro g lob u l in .  C a lc i to n in  is m a d e  by th e  C 
cells, w h ich  o r ig inate  in th e  u l t im o b ra n c h ia l  body. T hyro -  
g lobulin  is m a d e  and  secre ted  by th e  fo l l icu lar cells, and  
shou ld  be p re se n t  bo th  in th e  fo l l icu lar cells and  in th e  
lu m e n  of th e  follicles. Both o f  th e se  m a rk e rs  sho w ed  n o rm a l
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FIG. 3. Bilateral ultimobranchial body phenotypes in the double mutants. Transverse sections through newborns, stained with anti­
calcitonin antibody (brown staining). Arrows point to persistent (A), ectopic (B and C), or partially fused (D) ultimobranchial bodies. 
Asterisks indicate thyroid lobes. Dorsal is up. (A) A Hoxa3  mutant (aa) with a unilateral persistent ultimobranchial body at the dorsal 
and anterior end of one thyroid lobe, at the level of the cricoid cartilage (crc). (B) A Hoxa3~'~,Hoxb3~'~ double mutant (aabb), with bilateral 
ectopic ultimobranchial bodies, located dorsal to the anterior end of the thyroid cartilage (tc), and far anterior to the thyroid lobes. (C) A 
Hoxa3~'~,Hoxd3~'0 double mutant (aadd), with bilateral ectopic ultimobranchial bodies. Both ultimobranchial bodies contain follicular 
structures, but are clearly separated from and located anterior to the thyroid lobes (at the levels of the cricoid cartilage). (D) A 
Hoxb3~'~,Hoxd3~'~ double mutant ( bbdd) with bilateral partially fused ultimobranchial bodies at the dorsal and anterior ends of the 
thyroid lobes.

d is tr ib u t io n  and  ce llu la r  loca l iza t ion  in th e  Ho xb 3 ~' ~  and  
H o x d 3 ~ ’~ n ew bo rn  th y ro id  glands, ind ica t in g  th a t  th e re  was 
no app aren t  defect in th y ro id  d e v e lo p m e n t  in th e se  m u t a n t s  
(Fig. 2 and  d a ta  n o t  show n). C a lc i to n in -p o s i t iv e  cells w ere  
p re sen t  in n o rm a l  n u m b e r s  and  w ere  d is t r ib u ted  th r o u g h o u t  
bo th  th y ro id  lobes. Both th e  fo l l icu lar  cells and  th e  colloid 
in th e  th y ro id  follicles w ere  s trongly  p osi t ive  for th y ro g lo b ­
u lin .  A nalys is  o f  th e  H o x a 3  single m u t a n t  w i th  th e  t h y r o ­
g lobulin  an t ib od y  also sho w ed  strong  p ro d u c t io n  and  secre ­
t ion  o f  th y ro g lob u l in ,  even in an im a ls  w h ic h  sh ow ed  d iso r­
gan iza tion  o f  th e  th y ro id  follicles (not shown). T h e se  re su l ts  
show  th a t  on ly  th e  H o x a 3  s ingle m u t a n t s  have  defects in 
th e  th y ro id  and  u l t im o b ra n c h ia l  bodies , and  th a t  no n e  of 
th e  m u t a t i o n s  ind iv idu a l ly  affects th e  ab il i ty  o f  th e  fo l l icu ­
lar cells to  p ro du ce  and  secre te  th y rog lo bu l in .

B oth H oxb3 and  H oxd3 M uta tions Exacerbate the  
Hoxa3 U ltim obranch ia l Body M utan t P henotype

In order to  d e te rm in e  w h e th e r  H o x b 3  and  H o x d 3  c o n t r ib ­
u te  to  th e  fo rm a tio n  o f  th e  thy ro id ,  all th r e e  d oub le  m u t a n t s  
w ere  e x a m in e d  a t th e  n ew b o rn  stage for bo th  ca lc i to n in  and  
th y ro g lob u l in  expression . T h e  re su l ts  w ere  th e n  co m p ared  
to  th o s e  o b ta in ed  w i th  th e  H o x a 3  m u ta n t s ,  and  are s u m m a ­
r ized  in T ab le  1. Exacerba t ion  o f  th e  H o x a 3 0/0 u l t i m o ­
b ran ch ia l  body p h en o ty p e  w as seen in bo th  th e  H o x a 3 , -  
H o x b 3  and  th e  H o x a 3 , H o x d 3  d oub le  m u ta n t s .  N o n e  o f  th e  
d o u b le -m u ta n t  co m b in a t io n s  re su l ted  in th y ro id  agenesis.

In th e  p rev io us  ana lys is  o f  H o x a 3  s ingle  m u t a n t s ,  u n i l a t ­
eral p e r s is t e n t  u l t im o b ra n c h ia l  bodies (i.e., ones  n o t  fused 
w i th  th e  th y ro id  as is n o rm a l )  w ere  seen in th r e e  o f  five 
m u t a n t s  ex a m in e d .  T h e  re m a in in g  tw o  H o x a 3  m u t a n t s  had
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FIG. 4. Thyroid lobe and ultimobranchial body defects in Hoxa3,Hoxd3  (A-C) and Hoxa3,Hoxb3  (D-F) double mutants. Transverse 
sections through newborns, stained with anti-calcitonin antibody (brown staining). (A) Section showing an ectopic ultimobranchial body 
(u) and cervical thyroid tissue (cv) present at the anterior part of the thyroid cartilage (tc). (B) More posteriorly in the same animal, a single 
thyroid lobe (tl) is present at its normal location, with an associated persistent ultimobranchial body. No isthmus or right thyroid lobe 
was present in this animal. (C) Higher magnification of the thyroid lobe and persistent ultimobranchial body in B. The ultimobranchial 
body is lightly stained for calcitonin, and contains follicle-like structures (asterisks). (D) A Hoxa3,Hoxb3  animal with a single persistent 
ultimobranchial body and a pyramidal thyroid lobe (py), that reached more anteriorly than the lateral thyroid lobes. (E) Both lateral lobes 
and the pyramidal lobe seen at a more posterior section. These three lobes remained as separate lobes, not fusing at any axial level. 
Because no calcitonin-positive cells were ever present on the right side of this animal, it was scored as having one persistent and one 
absent ultimobranchial body. (F) Higher magnification of the section shown in D, showing the calcitonin-positive ultimobranchial body 
and the adjacent anterior end of the left thyroid lobe. This ultimobranchial body has holes that do not have a follicular appearance 
(asterisk). cv, cervical thyroid tissue; py, pyramidal thyroid lobe; tc, thyroid cartilage; tl, thyroid lobe; u, ultimobranchial body.

n o rm a l  n u m b e r s  and  d is t r ib u t io n  of C cells  w i th in  th e  t h y ­
roid. Both H o x a 3 , H o x b 3  and  H o x a 3 , H o x d 3  d o u b le  m u t a n t s  
had  a 100% p e n e t r a n c e  o f  p e r s is t e n t  u l t im o b ra n c h ia l  b o d ­
ies. In ad d it io n ,  th r e e  o f  five H o x a 3 , H o x b 3  and  all H o x a 3 , -  
H o x d 3  d oub le  m u t a n t s  h ad  a b i la te ra l  u l t im o b ra n c h ia l

body p h e n o ty p e ,  w h ich  w as n ever  seen in th e  H o x a 3  single 
m u ta n t s .

In th e  H o x a 3 , H o x d 3  dou b le  m u ta n t s ,  all a n im a ls  show ed  
b i la te ra l  p e rs is ten t  u l t im o b ra n c h ia l  bodies , loca ted  an te r io r  
and  dorsal to  th e  th y ro id  lobes (Figs. 3B and  3C). In th e
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H o x a 3 , H o x b 3  doub le  m u ta n t s ,  a var ie ty  o fu l t im o b ra n c h ia l  
body p h en o ty p es  w as seen, in c lu d in g  absen t ,  p e rs is ten t ,  and  
p art ia l ly  fused u l t im o b ra n c h ia l  bodies . Both b ila te ra l  and 
u n i la te ra l  defects w ere  seen, and  p h en o ty p es  often differed 
on tw o  sides o f  th e  sam e  a n im a l  (Fig. 4). A bsence  o f  u l t im o -  
b ranch ia l  bodies  w as scored as th o se  cases ex h ib i t in g  no 
p e rs is ten t  u l t im o b ra n c h ia l  body and  no C cells in th e  t h y ­
roid lobe. C ases scored as part ia l ly  fused u l t im o b ra n c h ia l  
bodies w ere  th o s e  in w h ich  a group o f  c a lc i ton in -p rod uc ing  
cells was a t ta ch ed  to  th e  dorsal an te r io r  end  of  one  fo llicular  
lobe, b u t  th e  cells had  n o t  in te g ra ted  in to  th e  th y ro id  fo l l ic ­
u la r  s t ru c tu re .

T h e  H o x b 3 , H o x d 3  doub le  m u t a n t s  also show ed  part ia l ly  
fused u l t im o b ra n c h ia l  bodies , a l th o u g h  at low p en e tran ce .  
O f  five n ew b o rn s  ex am in ed ,  tw o  sh ow ed  pa r t ia l ly  fused u l ­
t im o b ra n c h ia l  bodies , one  b ila te ra lly  (Fig. 3D), and  o ne  u n i ­
la tera l ly .  T h e  r e m a in in g  a n im a ls  sh ow ed  n o rm a l  n u m b e r s  
and  d is tr ib u t io n  o f  C cells w i th in  th e  th y ro id  lobes. P a r ­
t ia l ly  fused u l t im o b ra n c h ia l  bodies w ere  n o t  seen in th e  
six w ild- type ,  four H o x b 3 0 0 , and  five H o x d 3 0/0 an im a ls  
exam ined .

An a d d i t io na l  fea tu re  o f  th e  p e rs is te n t  u l t im o b ra n c h ia l  
bodies seen in th e  doub le  m u t a n t s  is t h a t  th e y  w ere  c o n s i s ­
te n t ly  loca ted  m o re  an te r io r ly  in th e se  a n im a ls  th a n  th o se  
seen in th e  H o x a 3  single m u ta n t s .  P e rs is ten t  u l t im o -  
b ranch ia l  bodies  in H o x a 3  single m u t a n t s  w ere  loca ted  ad ja ­
c en t  to  th e  a n te r io r  end  o f  th e  th y ro id  lobes, at th e  pos te r io r  
aspect o f  th e  th y ro id  cartilage. P e rs is ten t  u l t im o b ra n c h ia l  
bodies in th e  d oub le  m u t a n t s  w ere  often loca ted  at th e  m o s t  
dorsal and  an te r io r  aspect o f  th e  th y ro id  cart i lage  (Figs. 3B, 
4A, and  4D), 5 0 - 1 0 0  ^ m  an te r io r  to  th e  th y ro id  lobes. T h e  
ec top ic  loca t ion  of th e s e  p e rs is te n t  u l t im o b ra n c h ia l  bodies 
suggests a separa te  defect in organ m ig ra t io n ,  as opposed to  
th e  fa ilure  of th e  u l t im o b ra n c h ia l  bodies to  fuse w i th  th e  
th y ro id  lobes as seen in th e  H o x a 3  m u t a n t s  (see below).

Some u l t im o b ran ch ia l  bodies also co n ta ined  w h a t  ap­
peared to  be follicular s t ruc tu res  (Figs. 3C and  4C), or large 
holes (Figs. 3B and  4F). E xam ina tion  of th e  u l t im o b ran c h ia l  
bodies presen t in H & E -sta ined  sec tions of  H o x a 3 , H o x d 3  d o u ­
ble m u t a n t s  show ed th a t  these  follicular s t ruc tu res  did c o n ­
tain  colloid, w h ich  indicates  th e  p roduc t ion  and secretion of 
thy roglobulin  (data no t shown). In th e  H o x a 3 , H o x d 3  double 
m u t a n t  show n in Fig 3C, both  u l t im o b ra n c h ia l  bodies have

n u m e ro u s  follicles; how ever,  th ese  u l t im o b ran ch ia l  bodies 
are far an te r io r  to  and  w ell separated from th e  th y ro id  lateral 
lobes, and  th e re  are no ca lc iton in  positive cells p resen t in 
th e  th y ro id  lobes th em se lves .  W e in te rp re t  these  to  indeed 
be ec topic  u l t im o b ran ch ia l  bodies, ra th e r  th an  f ragm ents  of 
th e  th y ro id  lobes. T hese  resu l ts  support th e  poss ib il ity  th a t  
follicular cells can arise from u lt im o b ran ch ia l  bodies as well 
as from th e  thy ro id  d ive r t icu lu m  (see Discussion).

Structure o f  the  T hyro id  Lobes in D ouble M utan ts

D o u b le  m u t a n t s  w ere  also scored for defects in th e  s t ru c ­
tu r e  o f  th e  th y ro id  gland itself, to  d e te rm in e  if  all th ree  
genes also h ad  a role in th e  d e v e lo p m e n t  o f  th e  th y ro id  
d iv e r t ic u lu m .  T h e  th y ro id  n o rm a l ly  cons is ts  of tw o  la tera l  
lobes, jo in ed  at th e  caud a l  end  by an i s th m u s  of fo llicular  
t i s su e  loca ted  v en tra l  to  th e  t r a c h e a  (see Fig. 1). Both 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 t a n t s  had  a 
100% p e n e tra n c e  o f  defects in th e  i s th m u s ,  and  p e n e tran ce  
o f  defects in la te ra l  lobe s t ru c tu re  s im ila r  to  t h a t  o f  th e  
H o x a 3  s ingle m u t a n t  (Table 1). A lth o u g h  th e  p e n e tra n ce  
w as s im ilar ,  th e  sever ity  of th e s e  defects did increase  in 
th e se  doub le  m u ta n t s ,  p a r t icu la r ly  in th e  i s th m u s .  In th e  
H o x a 3 , H o x d 3  doub le  m u ta n t s ,  five o f  six a n im a ls  had  no 
i s th m u s ,  increased  from th r e e  o f  five in th e  H o x a 3  single 
m u t a n t  (Table 1). O n e  o f  th e se  a n im a ls  also had  sm a ll  r e m ­
n a n ts  o f  cervical th y ro id  t i s su e  far c ran ia l  to  th e  th y ro id  
lobes (Fig. 4A). In th e  o ne  re m a in in g  H o x a 3 , H o x d 3  doub le  
m u t a n t ,  and  in th e  th r e e  cases w h e re  th y ro id  t i s su e  was 
p re sen t  in th e  ven tra l  m id l in e  in th e  H o x a 3 , H o x b 3  double  
m u ta n t s ,  it  appeared  as a p y ram id a l  lobe ( t r iangular th y ro id  
lobe ex ten d in g  an te r io r ly  from th e  i s th m u s  in th e  v en tra l  
m id line) ,  r a th e r  th a n  a s im ple  an te r io r  d isp lac em e n t  o f  th e  
i s th m u s  (Figs. 4D and  4E; T able  1). In bo th  of th e se  d o u b le ­
m u t a n t  classes, th i s  p y ra m id a l  lobe a t ta c h e d  e i th e r  to  only  
one  la te ra l  lobe or to  n e i th e r  lobe (Fig. 4E). In th e  H o x a 3  
single m u t a n t s  w i th  a d isp laced  i s th m u s ,  th e  m o rp ho lo gy  
w as n o rm a l ,  n o t  p y ram id a l  (not shown). A l tho ug h  th e  a p ­
p a ren t  increase  in th e  frequency  o f  i s th m u s  de le t ion  in th e  
H o x a 3 , H o x d 3  doub le  m u t a n t s  is n o t  s ta t is t ica l ly  s ignificant 
due  to  th e  sm a ll  n u m b e r s  o f  an im a ls  ex am in ed ,  th i s  o b se r­
va tion  co m b in e d  w i th  th e  m o rp h o lo g y  o f  th e  ven tra l  t h y ­
ro id  t i s su e  w h en  p re se n t  in th e s e  doub le  m u t a n t s  suppor ts

FIG. 5. Ectopic thymus in Hoxa3+'~,Hoxb3~'~,Hoxd3~'~ mice. Transverse H&E-stained sections of newborn mice. (A) The thymus (th) 
in a wild-type mouse is a large bilobed organ located in the anterior mediastinum, between the left and right superior vena cavae (vc) and 
ventral to the aorta (ao). (B) The thymus of a Hoxb3~'~,Hoxd3~'~ double mutant (bbdd) appears normal. (C) No thymus tissue is present 
in the normal position of the thymus in a Hoxa3+/~,Hoxb3~/~,Hoxd3~/~ mouse (A a b b d d ). (D) Bilateral thymus lobes are present ectopically, 
here seen at the level of the arytenoid cartilages in the larynx (ar). ao, aorta; ar, aratynoid cartilages; th, thymus; vc, superior vena cava. 
FIG. 6. Ectopic parathyroid glands in multiple mutants. Transverse H&E-stained sections of newborn mice. (A)Normally placed parathy­
roid gland (pt) embedded in the thyroid lobe (tl) of a triple heterozygote (AaBbDd ). (B). Ectopic parathyroid (pt) and thymus lobe (th) in a 
Hoxa3+'~,Hoxb3~'~,Hoxd3+'~ newborn (AabbDd ). The parathyroid is located next to the external carotid artery (ec). (C) Similar view of 
an ectopic parathyroid and thymus in a Hoxa3+'~,Hoxb3~'~,Hoxd3~'~ newborn ( Aabbdd). (D) Lower magnification of the same section 
shown in C, showing the bilateral parathyroids medial to the cochlea (co). At this level the nasopharynx and the oropharynx (np and op) 
are still separate. The ectopic parathyroids in B and C have a characteristic appearance of densely packed small cells with dark nuclei 
and pink cytoplasm; compare with the parathyroid in A, shown at the same magnification. co, cochlea; ec, external carotid artery; np, 
nasopharynx; op, oropharynx; pt, parathyroid; th, thymus.
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th e  co nc lu s ion  th a t  th y ro id  defects are increased .  T h e  
H o x b 3 , H o x d 3  doub le  m u t a n t s  ex am in e d  sh ow ed  no defects 
in th e  s t ru c tu re  of th e  th y ro id  lobes or th e  is th m u s .

All single and  doub le  m u t a n t s  w ere  also te s ted  for th y r o ­
g lobulin  p ro d u c t io n  by im m u n o h i s to c h e m is t ry .  All m u t a n t  
c lasses sh ow ed  strong  im m u n o r e a c t iv i ty  to  th e  th y ro g lo b u ­
lin an t i se ra  in bo th  th e  fo l l icu lar cells and  th e  collo id  of 
th e  follicles, in d ica t in g  n o rm a l  expression of th y ro g lob u l in  
(Fig. 2E and  d a ta  n o t  shown).

Group 3 Paralogs R egula te the M igration o f  the  
T hym us and  Parathyroids

Because th e  H o x a 3  m u t a n t  has an early  de le t ion  of th e  
th y m u s  and  para th y ro id s ,  d oub le  m u t a n t s  w i th  H o x a 3  w ere 
no t  in fo rm a t iv e  as to  th e  ro le  o f  th e  o th e r  paralogs in th e  
d ev e lo p m en t  o f  th e se  organs. Prev ious  h is to log ica l  e x a m i ­
n a t io n  o f  H o x d 3  single m u t a n t s  sh ow ed  no obvious  defects 
in th e  th y m u s  and  pa ra thy ro id s  (Condie and  C apecchi,  
1993). W e also saw no defect in th e  th y m u s  or para th y ro id s  
in th e  H o x a 3  h e te rozygous ,  H o x b 3  s in g le -m u tan t ,  or 
H o x b 3 , H o x d 3  d o u b le -m u ta n t  n ew b o rn s .  T h e  th y m u s  was 
o f  n o rm a l  size and  p la c e m e n t ,  and  had  w ell-o rgan ized  c o r ­
tex  and  m e d u l la ry  regions (Fig. 5B; T able  1). P a ra thyro ids  
w ere  alw ays p re sen t  b ila te ra lly  near  th e  th y ro id ,  and  ap ­
peared  n o rm a l  (data n o t  shown).

Because m u t a t io n s  in H o x a 3  a lone  have  such a p ro found  
im p ac t  on th y m u s  d e v e lo p m en t ,  any  fun c t io n s  o f  th e  
H o x b 3  and  H o x d 3  genes w o u ld  be m a s k e d  in m ic e  w ith  
tw o  m u t a n t  copies o f t h e  H o x a 3  gene. T herefore ,  w e serially  
sec t io ned  tw o  n ew b o rn  m ic e  w i th  on ly  a single w ild- type  
copy of H o x a 3  and  m u t a n t  copies o f  all o th e r  genes w i th in  
th is  para logous group (i.e., H o x a 3 +/~, H o x b 3 0 0 , and  
H o x d 3 0 0 mice). In bo th  o f  th e se  an im a ls ,  th e  th y m u s  was 
form ed, b u t  appeared  as tw o  la te ra l  lobes d isplaced a n te r i ­
orly from th e  n o rm a l  loca t io n  o f  th e  th y m u s  (Table 1; Figs. 
5C and  5D). T h e  organ iza tion  and  overall  size o f  th e s e  lobes 
w ere  s im ila r  to  w ild  type ,  w i th  clearly  recogn izab le  cort ica l  
and  m e d u l la ry  regions. T h ese  ec top ic  lobes ex ten d e d  from 
a pos i t ion  m e d ia l  to  th e  coch lea  p oste r io r ly  to  th e  level of 
th e  th y ro id  gland. Ectopic  p a ra th y ro id  g lands w ere  found  
ad jacen t to  th e  an te r io r  ends of th e s e  ec top ic  th y m u s  lobes 
(Table 1; Figs. 6C and  6D). T h e  th y ro id  i t se l f  appeared  re la ­
t ive ly  n o rm a l ,  w i th  n o rm a l  loca t ion ,  lobe s t ru c tu re ,  and  
i s th m u s  (recall t h a t  th e  H o x b 3 0 0, H o x d 3 0 0 n ew b o rn s  had  
grossly n o rm a l  th y ro id  s tructure) .  N o  ec top ic  u l t im o -  
b ranch ia l  bodies w ere  iden tif ied ;  h ow ever ,  due  to  th e  low 
frequency  at w h ic h  an im a ls  o f t h i s  g eno type  w ere  ob ta ined ,  
im m u n o h i s to c h e m is t ry  for c a lc i to n in  w as no t  perform ed, 
so th e  ab sen t  or pa r t ia l ly  fused u l t im o b ra n c h ia l  m u t a n t  p h e ­
n o typ e  cou ld  n o t  be scored. A diagram of  th e  ec top ic  p o s i ­
t ion  o f  th e  th y m u s  and  p a ra thy ro id s  in th e se  m u t a n t  m ice  
is sho w n  in Fig. 7.

T h e  degree o f  overlap th a t  th e s e  genes hav e  for th is  fu n c ­
tion  w as fu r th e r  defined by th e  analys is  o f  o the r  genotypes  
th a t  c o m b in e  m u t a t io n s  of all th r e e  paralogs. All five t r ip le  
he te rozy go tes  ex am in e d  had  n o rm a l  th y m u s ,  para thyro id ,  
and  th y ro id  g lands as sh o w n  by H & E  s ta in ing  o f  sec t ioned

m a te r i a l  (Table 1; Fig. 6A). R em o v a l  o f  one  ad d it io n a l  copy 
o f  H o x b 3  ( H o x a 3 +' ~ , H o x b 3 ~ ' ~ , H o x d 3 +'~), re su l te d  in a u n i ­
la te ra l  ec top ic  th y m u s ,  b ila te ra l  ec top ic  para th y ro id s ,  and  
o ne  ec top ic  u l t im o b ra n c h ia l  body in one  o f  tw o  an im a ls  
ex a m in ed  w i th  th is  geno type  (Figs. 5A and  5C and  d a ta  no t 
shown). T h e  o th e r  h a l f  o f  th e  th y m u s  in th i s  a n im a l  was 
loca ted  at th e  m id l in e ,  s im i la r  to  th e  n o rm a l  p osi t ion  for 
th e  th y m u s .  T h e  second  a n im a l  o f t h i s  geno type  had  n o rm a l  
th y m u s  and  th y ro id  glands, b u t  s t il l  had  o ne  ec top ic  p a ra ­
th y ro id  g land and  one ec top ic  u l t im o b ra n c h ia l  body. T h e  
c o m b in a t io n  o f  defects seen in th e se  an im a ls  show s th a t  
p a ra th y ro id  and  th y m u s  m ig ra t io n  can be affected sepa ­
ra te ly , even th o u g h  th e y  n o rm a l ly  m ig ra te  toge th e r .  N o n e  
o f  th e  five H o x b 3 0 0 , H o x d 3 0 0  d oub le  m u t a n t s  ex a m in e d  
ever sh ow ed  ec top ic  organs, in d ica t ing  th a t  at leas t  one  copy 
o f  all th re e  paralogs m u s t  be m u t a t e d  in order to  see th is  
m u t a n t  ph en o ty p e .  T h e  n o rm a l  ap pearance  o f  th e  t r ip le  h e t ­
e rozygotes  fu r th e r  suggests th a t  th is  p h en o ty p e  requ ires  th e  
m u ta t io n  o f  at leas t  four to ta l  copies of th e  group 3 paralogs, 
in d ica t ing  t h a t  th i s  is a h igh ly  r e d u n d a n t  fun c t ion  o f  th is  
gene fam ily.

Only Hoxa3 Is Expressed in the  Pharyngeal Pouch 
Endoderm

T h e  re su l ts  from th e  ana lys is  o f  H o x a 3 +/~,Hoxb3~'~,  
H o x d 3 0/0 n e w b o rn s  show  th a t  w h i le  th e  m ig ra t io n  o f  th e  
th y m u s ,  th e  u l t im o b ra n c h ia l  bodies , and  p a ra th y ro id s  is r e ­
d u n d a n t ly  specified, th e  d e v e lo p m e n t  o f  th e  th y m u s  and  
p a ra thy ro id s  requ ires  at leas t one  fu n c t io n a l  copy of th e  
H o x a 3  gene to  occur  n o rm ally .  T herefore ,  th e  fo rm a tion  of 
th e  th y m u s  and  p a ra thy ro id s  appears to  be o ne  fu n c t io n  of 
th e se  para logous genes th a t  is n o t  r e d u n d a n t ly  specified. 
T h is  re su l t  cou ld  ref lect a difference in th e  fu nc t ion  of th e se  
closely  re la ted  genes, a difference in th e i r  expression  p a t ­
te rn s ,  or bo th .  At E9.5, th e s e  genes have  been rep o r ted  to 
have  s im ila r  expression  p a t t e rn s  in th e  h in d b ra in ,  neu ra l  
crest,  and  pha ry ng ea l  arches (H un t et  al., 1991a,b). W e ex ­
am in e d  th e  express ion  p a t te rn s  o f  th e s e  th re e  genes in th e  
pha ryn gea l  region at E10.5, im m e d ia te ly  pr io r  to  th e  o nse t  
o f  pha ryn gea l  organogenesis  (Cordier and  H a u m o n d ,  1980). 
W ild-type  em b ryo s  w ere  s ta in ed  in w h o le  m o u n t  for each 
o f  th e  th re e  genes, and  th e n  sec t ion ed  to  d e te rm in e  th e  
ce llu la r  loca l iza t ion  o f  th e  signal.

At th i s  stage o f  d ev e lo p m en t ,  th e  expression p a t t e rn s  of 
th e  th re e  genes are s im ilar ,  b u t  n o t  iden t ica l .  All th r e e  genes 
are ex tens iv e ly  coexpressed  in th e  m e s e n c h y m e  o f  th e  
four th  and  s ix th  arches , w h ich  is p r im ar i ly  neu ra l  cres t-  
derived (Fig. 8). In th e  th i rd  arch , H o x d 3  is expressed  in 
on ly  a sm a ll  subse t  o f  dorsa lly  loca ted  cells, and  H o x b 3  
seem s to  be p r im ar i ly  expressed  in m o re  la te ra l  regions of 
th e  th i rd  arch m e s e n c h y m e .  H o x a 3  is s t rong ly  expressed 
th r o u g h o u t  th e  m e s e n c h y m a l  cells o f  th e  th i rd  arch. M os t  
s t r ik ing ly ,  H o x a 3  is th e  on ly  o ne  o f  th e se  paralogs to  be 
expressed  in th e  en d o d e rm a l  cells of th e  th i rd  and  fourth  
p ou ch  (Figs. 8A and  8D). T h is  u n iq u e  expression  of H o x a 3  
in th e  p ou ch  endo derm  could  prov ide  an exp lan a t io n  for 
th e  app aren t ly  u n iq u e  fu nc t ion  th a t  it  has in th e  dev e lo p ­
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m e n t  o f  th e  pha ryn g ea l  organs. T h e se  re su l ts  also suggest 
th a t  th e  re d u n d a n t  fu nc t io n  th a t  th e s e  genes have  in affec t­
ing th e  m ig ra t io n  o f  th e  pha ryn gea l  organs m a y  be due  to  
th e i r  coexpression  in th e  n eu ra l  crest.

C O N C L U S I O N S

W e have  used  a gene tic  ana lys is  o f  th re e  para logous H o x  
genes, H o x a 3 ,  H o x b 3 ,  and  H o x d 3 ,  to  u n co v e r  a nove l role 
for th e s e  genes in th e  m o rp h o g en es is  o f  th e  phary ng ea l  o r ­
gans. O u r  analys is  show ed  th a t  all th r e e  genes are im p o r ta n t  
for proper m ig ra t io n  o f  th e  th y m u s ,  u l t im o b ra n c h ia l  bodies, 
and  para th y ro id s ,  bu t  on ly  H o x a 3  seem s to  be requ ired  for 
th y m u s  and  p a ra th y ro id  organogenesis .

D ev e lo p m e n t  o f  th e  pha ry n gea l  organs n o rm a l ly  occurs  
c o n c u r re n t  w i th  th e i r  m ig ra t io n ,  du r ing  days E10.5 th ro ug h  
E15.5 of d ev e lo p m en t .  T h e  m o s t  severe defects seen in th e  
m u l t ip le  m u t a n t s  co rrespond  to  even ts  th a t  n o rm a l ly  occur  
a rou nd  E 12 .5 -E 1 3 .5  (see Fig. 1). T h e  less severe u l t im o -  
b ranch ia l  body p h en o ty p es  (persis ten t bu t  n o t  ec top ic  u l t i -  
m o b ra n c h ia l  body and  part ia l ly ,  ra th e r  th a n  fully, fused u lt i-  
m  obranch  ial body) correspon  d to  a sligh tly  la ter  defect , at 
E 1 3 .5 -E 1 5 .5 .  T h e  m ig ra t io n  o f  th e  organ p r im o rd ia  is 
u n iq u e  to  th e  pha ryn gea l  organs, and  th e  m e c h a n is m  by 
w h ich  th e s e  cells m ig ra te  as a coh e ren t  group is no t  u n d e r ­
stood. H ow ev er ,  s ince th e se  t i s su e s  have  a sign if ican t c o n ­
t r ib u t io n  from n e u ra l  crest,  it is t e m p t in g  to  suggest th a t  
m e c h a n i s m s  s im ila r  to  th o s e  m e d ia t in g  m ig ra t io n  o f  neu ra l  
cres t cells have  been co-opted  to  allow th e  c o h e ren t  m ig ra ­
tion  of th e s e  very large groups o f  cells. C o n s is te n t  w i th  th is  
hy p o th es is  is th e  coexpression  o f  H o x a 3 ,  H o x b 3, and  H o x d 3  
in th e  n e u ra l  cres t th a t  co n tr ib u te s  to  th e  d e v e lo p m e n t  of 
th e se  organs. Loss o f  early  express ion  o f  th e s e  genes in th e  
m ig ra to ry  or p o s tm ig ra to ry  n eu ra l  c res t  cou ld  re su l t  in d e ­
fective organ d e v e lo p m e n t  and  m ig ra t io n .  Because th e se  
p h en o ty p es  re se m b le  a b lock in organ m ig ra t io n  at th e  
E 12 .5 -E 14 .5  stage, th i s  p h e n o ty p e  cou ld  also rep resen t  a 
la te r  r e q u i re m e n t  for th e s e  genes. T h e  express ion  p a t te rn s  
of th e s e  genes at la te r  stages, and  specifically  in th e  p h a ry n ­
geal organs, have  n o t  been ex a m in ed  in detail .  Expression 
of bo th  H o x a 3  and  H o x b 3  have  been rep o r ted  in th e  d e v e l­
oping th y ro id  p r im o rd ia  (G aunt,  1988; Sham e t  al.,  1992), 
ra is ing  th e  poss ib i l i ty  th a t  expression  of t h e s e  genes is r e ­
qu ired  la ter ,  d u r ing  organ d ev e lo p m en t.

Ectopic  pharyn gea l  organs have  also been repor ted  in 
R A R a / y  d o u b le -m u ta n t  m ic e  (M endelsohn  e t  al., 1994). 
T h is  p h e n o ty p e  w as in te rp re ted  as re su l t in g  from th e  effect 
of th e  RAR m u ta t io n s  on neu ra l  cres t cell  fu nc t io n .  Since 
th e  re t in o ic  acid signaling  p a th w a y  is a p o te n t ia l  ac t iva to r  
of H o x  gene expression  d u r ing  d e v e lo p m e n t  (see K rum lauf ,  
1994, for review), th e  s im ila r i ty  b e tw een  th e se  p hen o ty p es  
is co n s is te n t  w i th  th e  suggestion th a t  th e  aberran t  m ig ra ­
tion  o f  pha ryn gea l  organs in m ic e  w i th  m u l t i p le  m u ta t i o n s  
in group 3 H o x  genes is th e  re su l t  of th e  loss of expression  
of th e s e  th re e  genes in th e  n eu ra l  crest.

A poss ib le  exp lan a t io n  for th e  ec top ic  organs seen in th e se  
m u t a n t s  is th a t  th e re  is a defect in cell  m ig ra t io n .  Several

s tud ies  have  sho w n  th a t  H o x  genes p lay  a ro le  in cell m ig ra ­
t ion s  d ur ing  d ev e lo p m en t ,  pa r t icu la r ly  of neu ro n s .  In C. 
e legans ,  m a b 5  and  l i n 3 9  are H O M  C hom o log s  th a t  regu la te  
cell  m ig ra t io n  of th e  Q dau g h te r  cells, w h ich  bec o m e  se n ­
sory n e u ro n s  (Salser and  Kenyon, 1992, 1994; H arris  e t  al.,
1996). M u ta t io n s  in m a b 5  and  l in 3 9  affect bo th  th e  d irec ­
t io n  and  ex te n t  o f  m ig ra t io n  o f  th e s e  cells  d u r ing  d ev e lop ­
m e n t .  In m ice ,  H o x  genes are also expressed  in m ig ra t in g  
n eu ro n s .  In d e p e n d en t  m u ta t io n s  in H o x a 1  and  H o x b 1  affect 
th e  m ig ra t io n  of m o to r  n e u ro n s  w i th in  th e  h in db ra in  (Car­
p e n te r  e t  al.,  1993; M ark  et  al., 1993; G oddard  e t  al.,  1996; 
Studer e t  al.,  1996). In H o x a 1  m u t a n t  h o m ozy go tes ,  ec top ic  
n eu ro n s  th a t  ex ten d  t h e i r  axons to  th e  sev en th  ganglion are 
found  in rh o m b o m e re s  6, 7, and  8 and  even in th e  ros tra l  
aspects  o f  th e  sp ina l cord. Such n eu ro n s  are n ever  observed 
in n o rm a l  m ice .  A reasonab le  h yp o th es is  for th e  p resence  
o f  th e se  n e u ro n s  at such cauda l p o s i t ion s  is h y p e rm ig ra t io n s  
o f  n eu ro n s  n o rm a l ly  re s tr ic ted  to  rh o m b o m e re s  4 and  5. In 
th e  H o x b 1  m u ta n t s ,  m o to r  n eu ro n s  t h a t  o r ig inate  in r h o m ­
b o m e re  4 and  co n t r ib u te  to  th e  facial m o to r  n u c le u s  fail 
to  m ig ra te ,  re su l t in g  in th e  absen ce  of th e  sev en th  m o to r  
n u c leu s  in th e se  m u ta n t s .

T h e  defect in th y m u s  and  pa ra th y ro id  m ig ra t io n  in th e  
H o x a 3 +l~, Hox b3~' ~, Ho xd 3~' ~  m ic e  c o m b in ed  w i th  th e  ap ­
pa ren t ly  n o rm a l  d e v e lo p m e n t  o f  th e se  ec top ic  organs show s 
th a t  ph a ry ng ea l  g landu lar  organ d e v e lo p m en t  and  m ig ra t ion  
d ur ing  em bryogenes is  are g ene tica lly  separable  even ts .  T h is  
re su l t  is c o n s i s te n t  w i th  th e  fact t h a t  in low er verteb ra tes ,  
th e se  organs do n o t  m ig ra te .  T h e  u l t im o b ra n c h ia l  b ody p h e ­
n o ty p e  cou ld  also be considered  to  co ns is t  o f  tw o  separa te  
defects, th e  fa i lu re  of th e  u l t im o b ra n c h ia l  body to  in te rac t  
w i th  th e  th y ro id  lobes and  a failure  to  m ig ra te  properly. 
Both th e  m ig ra t io n  defect and  failure  to  fuse are r e d u n d a n t ly  
specified, a l tho ug h  n o t  to  th e  degree seen in th e  th y m u s  
and  pa ra thy ro id s  because  th e  u l t im o b ra n c h ia l  body defects 
are seen in doub le  m u ta n t s .  It sh ou ld  also be n o ted  th a t  in 
c h ick e n s  th e  u l t im o b ra n c h ia l  body does no t  fuse w i th  th e  
thy ro id ,  r e m a in in g  as a separa te  g landu lar  organ. T h u s ,  th e  
changes  in p h a ry ng ea l  organ m ig ra t io n  seen in th e se  H o x  
m u t a n t s  rep resen t  defects in m o rp ho lo g ica l  ev e n ts  th a t  are 
u n iq u e  to  m a m m a ls .

T h e  p resen ce  o f  follicles c o n ta in in g  co llo id  in th e  ec top ic  
u l t im o b ra n c h ia l  bodies suggests t h a t  som e  follicles m a y  
arise d irec tly  from th e  u l t im o b ra n c h ia l  bodies . T h e  q u e s ­
t ion  o f  th e  em bryo log ica l  origins o f  th e  various  cell p o p u la ­
t io n s  w i th in  th e  th y ro id  g land has long been con trovers ia l .  
It is genera l ly  accep ted  th a t  c a lc i to n in -p os i t ive  C cells o r ig i­
n a te  in th e  u l t im o b ra n c h ia l  bodies and  are o f  n e u ra l  crest 
origin (Pearse and  C arva lhe ira ,  1967; M ose ley  et  al., 1968; 
Pearse  and  Polak , 1971; LeLievre and  L eD ouar in ,  1975). 
H ow ever,  a n u m b e r  o f  s tud ies  have  suggested  th a t  bo th  C 
cells and  fo l l icu lar  cells  have  a du a l  origin, w i th  bo th  cell 
types  being able to  arise from bo th  th e  th y ro id  d iv e r t icu lu m  
and  th e  u l t im o b ra n c h ia l  body (W ill iam s et  al.,  1989; Har- 
ach, 1991; C o n d e  e t  al.,  1992; P u eb l i tz  e t  al.,  1993). V aria­
t io n  in u l t im o b ra n c h ia l  body and  th y ro id  m orp h o g en es is  
b e tw een  species has c o n tr ib u te d  to  th e  confus ion  on th is  
is sue  (Rogers, 1927, and  references there in) .  T h e  ap paren t
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FIG. 7. The pharyngeal organ phenotypes in newborn multiple mutants . In the Hoxa30 ~,Hoxb30 0 and H o x a 3 ~ , H o x d 3 ~  double 
mutants, the ultimobranchial bodies are ectopically located above the thyroid, and the thyroid lobes are in pieces, or absent. Triangular 
pyramidal lobes are sometimes seen at the ventral midline, as are cervical thyroid tissue further cranially. The hyoid bone and the laryngeal 
cartilages are also deformed and reduced in size. The thymus and parathyroids are absent. In the Hoxa3+l~,Hoxb3~'~,Hoxd3~'~ newborn 
animals, the thyroid lobes appear essentially normal. Because the ultimobranchial body phenotype was not conclusively determined (see 
Results), they are not shown for this genotype. The thymus lobes are lateral and anterior to the thyroid. The parathyroids are associated 
with the thymus lobes medial to their anterior ends, which are located near the inner ear (arrows).
FIG. 8. Expression pattern of the group 3 paralogs at E10.5 in the pharyngeal arches and pouches. A and D have been previously published 
(Manley and Capecchi, 1995) and are included here for comparison. (A-C) Lateral views of the pharyngeal arch region of E10.5 wild-type 
embryos stained by whole-mount in situ for each of the group 3 paralogs. Dorsal is up, cranial is to the right. The arrow points to the third 
pharyngeal pouch in each panel. Hoxa3  is strongly expressed in the third pouch, while Hoxb3  and Hoxd3  are not. (D-F)E10.5 embryos first 
processed by whole-mount in situ and then embedded in paraffin, sectioned in the coronal plane, and counterstained with nuclear Fast Red. 
Cranial is up. Arrows point to the third pharyngeal pouches in each panel. Although all three genes are expressed in the arch mesenchyme, 
particularly in arch 4 (below the arrows), only Hoxa3  is expressed in the endodermal cells of the third pharyngeal pouch.

p resence  of co l lo id -co n ta in ing  follicles in som e  of th e  p e r ­
s is ten t  u l t im o b ra n c h ia l  bodies in the  double  m u t a n t s  is 
c o n s is ten t  w i th  th y ro g lob u l in -p rod uc ing  fo l l icu lar  cells 
h av ing  such a dua l orig in . In te res t in g ly ,  in th e  E ch id na  u lt i-  
m o b ra n c h ia l  bodies n eve r  fuse w ith  the  th y ro id  g land, and 
also have  co l lo id -co n ta in ing  follicles (M aurer, 1899). H o w ­
ever, the  c o n s is te n t  lack  of c a lc i ton in -po s i t iv e  cells in th e  
thy ro id  in th e  absence  of u l t im o b ra n c h ia l  body fusion 
s trongly  suggests th a t  th e  u l t im o b ra n c h ia l  body is th e  only 
source of C cells, at leas t in th e  m o use .

Both th e  th y ro id  d iv e r t icu lu m  and  th e  u l t im o b ra n c h ia l  
body m a y  be separa te ly  affected by th e se  m u ta t io n s .  All 
th ree  paralogs have  a ro le  in u l t im o b ra n c h ia l  body dev e lo p ­
m e n t  as revealed  in th e  doub le  m u ta n t s .  W hile  th e  increase  
in severity  o f th e  u l t im o b ra n c h ia l  body defects in th e  double  
m u t a n t s  is clear, the  effect on th e  fo l l icu lar  lobes of the  
th y ro id  is less d ram atic .  T h e  p resen ce  of p y ram id a l  lobes 
and  th e  b roken  th y ro id  lobe s t ru c tu re  m a y  rep resen t  an 
increase  in th e  sever ity  of defects in th e  organ iza tion  or 
m ig ra to ry  behav io r  o f thy ro id  d iv e r t icu lu m -d e r iv ed  tissue .
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P y ram id a l  lobes and  cervica l th y ro id  t i s su e  are th o u g h t  to  
be r e m n a n ts  o f  th e  m ed ia l  m ig ra t io n  p a th  o f  th e  thy ro id .  
H o w ev e r ,  it  is poss ib le  th a t  any  ap paren t  exacerba t ion  of 
th e  H o x a 3 0 0  p h e n o ty p e  in th e  s t ru c tu re  of  th e  th y ro id  lobes 
could  be secondary  to  th e  increased  sever ity  of th e  u l t i m o ­
b ranch ia l  body defects in th e  doub le  m u ta n t s .  W hile  double  
m u t a n t s  w i th  H o x a 3  m a y  have  a sl ight increase  in th e  sever­
ity  o f  defects in th y ro id  lobe s t ru c tu re ,  th e  fo llicular cells 
th e m se lv e s  do n o t  seem to  be m o re  severely  affected. Also, 
th e  H o x b 3 0 0 , H o x d 3 0 0  doub le  m u t a n t  and  th e  H o x a 3 +/~, 
H o x b 3 0  0, H o x d 3 0  0  m u t a n t s  do n o t  seem to have  any  d e ­
fects in th e  fo l l icu lar  lobes or th e  i s th m u s .  T h e se  re su l ts  
suggest th a t  th e  H o x  group 3 paralogs m a y  n o t  p lay  a sig­
n if ican t  d irec t  role in th e  d ev e lo p m e n t  of th e  th y ro id  d ive r­
t i c u lu m ,  and  th a t  th e  in te rac t io n  b e tw ee n  th e  th y ro id  d ive r­
t i c u lu m  and  th e  u l t im o b ra n c h ia l  body is c r i t ica l  for th e  
proper d ev e lo p m e n t  o f  th e  th y ro id  gland. A reason  th a t  th e  
th y ro id  d iv e r t ic u lu m  m a y  no t  be d irec tly  u n d e r  th e  in f lu ­
ence  o f  th e se  H o x  genes is th a t  its s i te  of origin (Fig. 1) 
is n o t  w i th in  th e  pha ry ng ea l  pou ches .  A lte rna t iv e ly ,  th e  
th y ro id  lobe defects cou ld  be secondary  to  changes  in e x t r a ­
ce llu la r  m a t r ix ,  or in cell  adhesion  p roper t ie s  a long th e  m i ­
gratory  ro u te ,  in d e p e n d e n t  o f  u l t im o b ra n c h ia l  body defects.

T h y m u s  and  pa ra th y ro id  organ d ev e lo p m en t ,  on th e  o th e r  
h and ,  is ex t re m e ly  d ep en d e n t  on H o x a 3  fu nc t io n .  O n e  p o s ­
sible e x p lana t ion  for th is  ap p a ren t ly  u n iq u e  fun c t ion  for 
H o x a 3  m a y  be found  in th e  co m p ar iso n  o f  th e  expression  
p a t te rn s  o f  th e  group 3 paralogs. At E10.5, w h en  d ev e lop ­
m e n t  o f  th e s e  g landu lar  organs is beg inn ing , on ly  H o x a 3  is 
expressed  in th e  th i rd  phary ng ea l  p ou ch  end od erm  cells. 
T ra n sp la n ta t io n  s tud ies  in th e  ch ick  have  sho w n  th a t  th e  
end od erm  has a p r im a ry  ro le  in specify ing th y m u s  d ev e lop ­
m e n t  (LeDouarin and  Jotereau, 1975). T h e  im p o r ta n c e  of 
in te rac t io n s  b e tw een  po uch  endo derm  and  n eu ra l  cres t cells 
has also been d e m o n s t ra te d  (Auerbach, 1960; B ockm an  and  
Kirby, 1984; A nderson  e t  al.,  1993). T h e  fact t h a t  H o x a3 ,  
a lone  in th is  para logous group, is expressed  in th e  pouch  
end od erm  m a y  expla in  its s ingular  ro le  in th e  dev e lo p m en t  
of th e  th y m u s  and  p a ra thyro ids .

In su m m a ry ,  w e have  sh o w n  th a t  a m o n g  th e  group 3 
para logous genes, H o x a 3  is th e  p r in c ip a l  p layer  r equ ired  for 
fo rm ing  th e  pha ry ng ea l  organs. In th e  absence  o f  H o x a 3  
fu n c t io n ,  th e  th y m u s  and  pa ra thy ro id s  are no t  formed. 
H o w ever ,  in c o m b in a t io n  w i th  th e  H o x a 3  m u ta t io n ,  a d d i­
t io n  of m u t a t i o n s  in H o x b 3  or H o x d 3  ex acerba tes  th e  
im p ac t  on pha ry ng ea l  organ d ev e lo p m en t ,  w i th  increased  
frequency  and  sever ity  of defects being seen in fo rm a tion ,  
su b se q u en t  m ig ra to ry  pa t te rn  and  fusion o f  th e  u l t i m o ­
b ran ch ia l  body w ith  th e  thy ro id .  F inally , m ic e  he te rozygous  
for th e  H o x a 3  loss-of-function  m u ta t io n s  and  h o m o zy go us  
for th e  H o x b 3  and  H o x d 3  m u t a t i o n s  show  defects in th e  
m ig ra to ry  p a t te rn  o f  th e  th y m u s  and  p a ra thy ro id  glands. 
T h is  ob serva t ion  suggests a h igh ly  r e d u n d a n t  ro le  for all 
th re e  of th e se  H o x  genes in reg u la t ing  th e  m ig ra t io n  o f  th e se  
very large groups o f  cells.
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