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Hox Group 3 Paralogs Regulate the Development
and M igration of the Thymus, Thyroid,
and Parathyroid G lands
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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. Hoxa3 mutant homozygotes have defects
in the development of all three organs. Roles for the Hoxa3 paralogs, Hoxb3 and Hoxd3, were investigated by examining
various mutant combinations. The thyroid defects seen in Hoxa3 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. Hoxb3,Hoxd3 double mutants show
no obvious defects in the thymus or parathyroids. However, the removal of one functional copy of Hoxa3 from the
Hoxb3,Hoxd3 double mutants (Hoxa3+ ,Hoxb30 ,H oxd 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 Hoxa3, Hoxb3, and Hoxd3 have highly overlapping
functions in mediating the migration of pharyngeal organ primordia. In addition, Hoxa3 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 Hoxa3, but not Hoxb3 nor Hoxd3, in the pharyngeal pouch endoderm. © 1998 Academic Press

INTRODUCTION

The Hox gene family in the mouse consists of 39 genes
encoding transcription factors which function to regulate
embryonic development along the anteroposterior axis
(Chisaka and Capecchi, 1991; Chisaka et al., 1992; Le-
Mouellic et al., 1992; Condie and Capecchi, 1993, 1994,
Dolle et al.,, 1993; Gendron-Maguire et al., 1993; Jeannotte
et al.,, 1993; Ramirez-Solis et al., 1993; Rijli et al., 1993,
1995; Small and Potter, 1993; Davis and Capecchi, 1994,
1996; Kostic and Capecchi, 1994; Davis et al., 1995; Sato-
kata et al., 1995; Suemori et al., 1995; Barrow and Capecchi,
1996; Benson et al., 1996; Boulet and Capecchi, 1996; Fro-
mental-Ramain et al., 1996a,b; Goddard et al., 1996; Zakany
and Duboule, 1996). To date, the analysis of Hox genes has
been primarily directed toward understanding their roles in
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the development of the somitic and neural crest-derived
skeleton, the central nervous system, and the limbs. Much
less is known about the roles these genes play in mediating
organogenesis. Many ofthe Hox genes have complex expres-
sion patterns in developing organs, and even in adult organ
tissue (Dony and Gruss, 1987; Gaunt, 1987; Krumlauf et
al., 1987; Fibi et al., 1988; Holland et al., 1988; Schughart
et al.,, 1988; Bogarad et al., 1989; Gaunt et al., 1989, 1990;
Frohman et al., 1990; Kress et al., 1990; Dolle et al., 1991;
Whiting, 1991; Geada et al., 1992; Sham et al., 1992; Tan
et al.,, 1992; Wall et al., 1992; Behringer et al., 1993; Goto
et al.,, 1993; Haack and Gruss, 1993; Peterson et al., 1994),
but few of the Hox mutants described to date have been
shown to have defects in organogenesis or organ function.
This may indicate that the role of Hox genes in organogene-
sis is highly redundant. Consistent with this hypothesis,
while neither Hoxall nor Hoxdll single mutants show
abnormal kidney development, Hoxall,Hoxdl1l double
mutants have severe kidney defects, including agenesis
(Davis et al., 1995).

The first Hox mutant mouse described, the Hoxa3 mu-
tant, has multiple defects in organogenesis. In addition to



defects in the development of the throat cartilages and cra-
nial nerves (Chisaka and Capecchi, 1991; Manley and Ca-
pecchi, 1995, 1997), these mice mutant for Hoxa3 showed
deletions ofthe thymus, and parathyroids, as well as thyroid
hypoplasia. Hoxa3 is expressed in both the neural crest-
derived mesenchymal cells of the pharyngeal arches and in
the pharyngeal endoderm. The Hoxa3 mutant phenotype
appears to reflect deficiencies in both of these cell types
(Manley and Capecchi, 1995).

The pharyngeal glandular organs in mammals have com-
plex developmental origins. All of these organs, thyroid, thy-
mus, parathyroids, and ultimobranchial bodies, develop con-
currently and migrate from their sites of origin in the phar-
ynx and pharyngeal pouches to their final positions along
the ventral midline of the pharyngeal and upper thoracic
region. The normal migration and development of these or-
gans in the mouse is shown in Fig. 1. In addition to their
migration patterns, the organ primordia interact with one
another during these migrations. Although they arise inde-
pendently, the parathyroids migrate in association with the
thymic lobes and then stop and become closely associated
with the thyroid gland. The parathyroids can become embed-
ded within the thyroid, but always remain as a separate or-
gan. Even more strikingly, the ultimobranchial bodies actu-
ally fuse with the thyroid in mammals, and their cells, the
parafollicular cells, fully disperse with the thyroid follicular
cells. This is in contrast to birds and fish, in which these
complex movements and interactions do not take place. In
chickens and zebrafish, the pharyngeal pouch-derived glands
(thymus, parathyroids, and ultimobranchial bodies) develop
entirely at their sites of origin and remain as bilateral pharyn-
geal structures. The molecular mechanisms underlying these
movements in mammals are poorly understood. As we will
see, however, it is intriguing that in mammals Hox genes,
which are used to specify position along the major embryonic
axis, also affect the migratory patterns of these organs.

Previously, we examined the effect of genetic interactions
between mutations in group 3 paralogous Hox genes,
Hoxa3, Hoxb3, and Hoxd3, on the formation of the axial
skeleton and cranial ganglia (Manley and Capecchi, 1997).
Surprisingly in the studies of cervical vertebrae formation,
mice doubly mutant for Hoxa3 and Hoxd3 or Hoxb3 and
Hoxd3 showed indistinguishable defects, the loss of the en-
tire atlas. This result suggested that in the context of the
first cervical vertebra, the identity of which specific Hox
genes are functional within aregion is not as critical as the
total number of Hox genes operating in that region. Thus,
the perspective changes from aqualitative one to aquantita-
tive one. Amolecular interpretation of this observation sug-
gests that Hox genes may not be responsible individually for
implementing a unique developmental program, but rather
that multiple Hox genes may function together to mediate
a program by controlling common target genes through
common cis elements, and that for proper development, it
is the stoichiometry of Hox genes operating within a devel-
oping tissue that is critical (Manley and Capecchi, 1997).

Nevertheless, particular Hox genes appear to have domi-
nant roles in the development of specific structures. Hoxd3,
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for example, is more important than its paralogs in mediat-
ing the formation of the cervical vertebrae. While Hoxd3-
mutant homozygotes show defects in the formation of the
atlas and axis (Condie and Capecchi, 1993), Hoxa3-mutant
homozygotes do not, and Hoxb3 mutants show only very
mild cervical vertebrae malformations at low penetrance
(Manley and Capecchi, 1997). With respect to the formation
of the pharyngeal glandular organs, Hoxa3 appears to be the
major player. As already mentioned, Hoxa3-mutant homo-
zygotes have defects in the formation of the thymus, thy-
roid, and parathyroids. On the other hand, mice individually
mutant for Hoxb3 or Hoxd3 do not show defects in these
organs. We report here that there is also a quantitative com-
ponent in the effect of Hox3 genes on the development of
the pharyngeal glandular organs. In mice doubly mutant for
Hoxa3 and Hoxb3 or Hoxa3 and Hoxd3, the defects in the
thyroid and ultimobranchial bodies are exacerbated. Fur-
thermore, while Hoxb3,Hoxd3 double mutants have no ob-
vious defects in the thymus or parathyroids, removal of
one functional copy of Hoxa3 from such double mutants
(Hoxa3+l~,Hoxb3~"~,Hoxd3~"0)results in the failure of these
organ primordia to migrate to their normal positions in the
throat. Thus, these three Hox genes have highly overlapping
functions in mediating the proper migration ofthese organs.

MATERIALS AND METHODS

Generation of Single, Double, and Triple Mutants
and Genotype Analysis

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+l~,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 EO.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).

Immunohistochemistry Mm serial sections were collected and processed for immunostain-
ing using a horseradish peroxidase-conjugated secondary antibody

Calcitonin and thyroglobulin immunohistochemistry were per- (Wall et al., 1992; Gamer and Wright, 1993). Continuous serial
formed as previously described (Manley and Capecchi, 1995). Both sections from the level of the hyoid bone (or above) through the
hormones were detected using commercially available polyclonal normal level ofthe thymus were examined. Primary antibody incu-
antibodies against human calcitonin or thyroglobulin (ICN). Appro- bation was performed using a 1:200 dilution; appropriate secondary
priate staining was seen only in the thyroid or ultimobranchial antibodies were used at 1:1000. Color reactions were developed
bodies with both antibodies. Briefly, newborn animals were sacri- using diaminobenzidine. Sections were counterstained with nu-
ficed by CO2asphyxiation, fixed in 4% formaldehyde in PBS over- clear Fast Red (Mansour et al., 1993), and mounted in DPX. Five
night at room temperature, and embedded in paraffin. Ten- or 12- each of the Hoxa3,Hoxb3 and Hoxb3,Hoxd3 double mutants were

Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.



Manley and Capecchi

A B
*« *
. c r ?
T vWi
pt 4
* = )
- w
v _ bb
- B

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~'~,Hoxh3
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TABLE 1
Summary of Thyroid and Ultimobranchial Body (ub) Defects

Thyroid
lateral
No. of ub Types of ub lobe absent  Thyroid isthmus Parathyroid
defects defects present (hemiagenesis) defects present  Thymus phenotype phenotype
aaa 3/5 unilateral 3 persistent 3/5 3/5 absent Absent Absent
2/5 displaced

bb 0/4 — 0 0 Normal Normal
dd 0/5 - 0 0 Normal Normal
aabb 2/5 unilateral 1 persistent 1/5 2/5 absent Absent Absent

1 absentb 3/5 pyram idal

3/5 bilateral 1 persistent bilateral

1 persistent (L), partly fused (R)

1 persistent (L), absent (R)
aadd 6/6 bilateral persistent 3/6 5/6 absent Absent Absent

1/6 pyram idal
bbdd 2/5 bilateral partly fused 0 0 Normal Normal
AaBbDd 0/5¢ — 0 0 Normal Normal
AabbDd 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

aGenotype abbreviations are listed as: aa, Hoxa3~"'—-bb, Hoxb3~'~; dd, Hoxd3~'—Multiple mutants are listed as combinations of these

designations, i.e., aabb, Hoxa3~'—Hoxbh3~'~.

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.

cNone of the three mutant classes containing all three genes (AaBbDd, AabbDd, Aabbdd) 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.

Whole-Mount in Situ Hybridization 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 EcoRl 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.

RESULTS

Hoxb3 and Hoxd3 Single Mutants Have Normal
Thyroid Glands

The generation and characterization ofmice with individ-
ual targeted disruptions in Hoxa3, Hoxb3, or Hoxd3 have
been previously described (Chisaka and Capecchi, 1991;
Condie and Capecchi, 1993; Manley and Capecchi, 1997).
The thyroid defects in Hoxa3 single mutants include hemia-
genesis of the thyroid, deletion or displacement of the isth-
mus, and reduction or absence of C cells in the thyroid
lobes (Manley and Capecchi, 1995). Lack of C cells in the
thyroid in these mutants is associated with the failure of
the ultimobranchial bodies, containing the C cells, to fuse
with the thyroid. Both Hoxb3— and Hoxd3——animals
have athyroid gland that appears normal in size and organi-
zation. These mutant animals showed a bilobed thyroid
with well-organized follicles and a normally placed isthmus
that were indistinguishable from wild type.

For amore detailed analysis ofthe thyroid, immunohisto-
chemistry was performed using antibodies raised against
calcitonin and thyroglobulin. Calcitonin is made by the C
cells, which originate in the ultimobranchial body. Thyro-
globulin is made and secreted by the follicular cells, and
should be present both in the follicular cells and in the
lumen ofthe follicles. Both ofthese markers showed normal
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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 ofthe 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.

distribution and cellular localization in the Hoxb3~'~ and
Hoxd3~’~newborn thyroid glands, indicating that there was
no apparent defect in thyroid development in these mutants
(Fig. 2 and data not shown). Calcitonin-positive cells were
present in normal numbers and were distributed throughout
both thyroid lobes. Both the follicular cells and the colloid
in the thyroid follicles were strongly positive for thyroglob-
ulin. Analysis of the Hoxa3 single mutant with the thyro-
globulin antibody also showed strong production and secre-
tion of thyroglobulin, even in animals which showed disor-
ganization ofthe thyroid follicles (not shown). These results
show that only the Hoxa3 single mutants have defects in
the thyroid and ultimobranchial bodies, and that none of
the mutations individually affects the ability of the follicu-
lar cells to produce and secrete thyroglobulin.

Both Hoxb3 and Hoxd3 Mutations Exacerbate the
Hoxa3 Ultimobranchial Body Mutant Phenotype

In order to determine whether Hoxb3 and Hoxd3 contrib-
ute to the formation ofthe thyroid, all three double mutants
were examined at the newborn stage for both calcitonin and
thyroglobulin expression. The results were then compared
to those obtained with the Hoxa3 mutants, and are summa-
rized in Table 1. Exacerbation of the Hoxa3QD ultimo-
branchial body phenotype was seen in both the Hoxa3,-
Hoxb3 and the Hoxa3,Hoxd3 double mutants. None of the
double-mutant combinations resulted in thyroid agenesis.

In the previous analysis of Hoxa3 single mutants, unilat-
eral persistent ultimobranchial bodies (i.e., ones not fused
with the thyroid as is normal) were seen in three of five
mutants examined. The remaining two Hoxa3 mutants 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.

normal numbers and distribution of C cells within the thy- body phenotype, which was never seen in the Hoxa3 single
roid. Both Hoxa3,Hoxb3 and Hoxa3,Hoxd3 double mutants mutants.

had a 100% penetrance of persistent ultimobranchial bod- In the Hoxa3,Hoxd3 double mutants, all animals showed
ies. In addition, three of five Hoxa3,Hoxb3 and all Hoxa3,- bilateral persistent ultimobranchial bodies, located anterior
Hoxd3 double mutants had a bilateral ultimobranchial and dorsal to the thyroid lobes (Figs. 3B and 3C). In the
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Hoxa3,Hoxb3 double mutants, a variety ofultimobranchial
body phenotypes was seen, including absent, persistent, and
partially fused ultimobranchial bodies. Both bilateral and
unilateral defects were seen, and phenotypes often differed
on two sides ofthe same animal (Fig. 4). Absence of ultimo-
branchial bodies was scored as those cases exhibiting no
persistent ultimobranchial body and no C cells in the thy-
roid lobe. Cases scored as partially fused ultimobranchial
bodies were those in which a group of calcitonin-producing
cells was attached to the dorsal anterior end of one follicular
lobe, but the cells had not integrated into the thyroid follic-
ular structure.

The Hoxb3,Hoxd3 double mutants also showed partially
fused ultimobranchial bodies, although at low penetrance.
Of five newborns examined, two showed partially fused ul-
timobranchial bodies, one bilaterally (Fig. 3D), and one uni-
laterally. The remaining animals showed normal numbers
and distribution of C cells within the thyroid lobes. Par-
tially fused ultimobranchial bodies were not seen in the
six wild-type, four Hoxb300, and five Hoxd3 Q0 animals
examined.

An additional feature of the persistent ultimobranchial
bodies seen in the double mutants is that they were consis-
tently located more anteriorly in these animals than those
seen in the Hoxa3 single mutants. Persistent ultimo-
branchial bodies in Hoxa3 single mutants were located adja-
cent to the anterior end of the thyroid lobes, at the posterior
aspect of the thyroid cartilage. Persistent ultimobranchial
bodies in the double mutants were often located at the most
dorsal and anterior aspect of the thyroid cartilage (Figs. 3B,
4A, and 4D), 50-100 “m anterior to the thyroid lobes. The
ectopic location of these persistent ultimobranchial bodies
suggests a separate defect in organ migration, as opposed to
the failure of the ultimobranchial bodies to fuse with the
thyroid lobes as seen in the Hoxa3 mutants (see below).

Some ultimobranchial bodies also contained what ap-
peared to be follicular structures (Figs. 3C and 4C), or large
holes (Figs. 3B and 4F). Examination of the ultimobranchial
bodies present in H&E-stained sections ofHoxa3,Hoxd3 dou-
ble mutants showed that these follicular structures did con-
tain colloid, which indicates the production and secretion of
thyroglobulin (data not shown). In the Hoxa3,Hoxd3 double
mutant shown in Fig 3C, both ultimobranchial bodies have

FIG. 5.
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numerous follicles; however, these ultimobranchial bodies
are far anterior to and well separated from the thyroid lateral
lobes, and there are no calcitonin positive cells present in
the thyroid lobes themselves. We interpret these to indeed
be ectopic ultimobranchial bodies, rather than fragments of
the thyroid lobes. These results support the possibility that
follicular cells can arise from ultimobranchial bodies as well
as from the thyroid diverticulum (see Discussion).

Structure ofthe Thyroid Lobes in Double Mutants

Double mutants were also scored for defects in the struc-
ture of the thyroid gland itself, to determine if all three
genes also had a role in the development of the thyroid
diverticulum. The thyroid normally consists of two lateral
lobes, joined at the caudal end by an isthmus of follicular
tissue located ventral to the trachea (see Fig. 1). Both the
Hoxa3,Hoxb3 and Hoxa3,Hoxd3 double mutants had a
100% penetrance of defects in the isthmus, and penetrance
of defects in lateral lobe structure similar to that of the
Hoxa3 single mutant (Table 1). Although the penetrance
was similar, the severity of these defects did increase in
these double mutants, particularly in the isthmus. In the
Hoxa3,Hoxd3 double mutants, five of six animals had no
isthmus, increased from three of five in the Hoxa3 single
mutant (Table 1). One of these animals also had small rem-
nants of cervical thyroid tissue far cranial to the thyroid
lobes (Fig. 4A). In the one remaining Hoxa3,Hoxd3 double
mutant, and in the three cases where thyroid tissue was
present in the ventral midline in the Hoxa3,Hoxb3 double
mutants, it appeared as a pyramidal lobe (triangular thyroid
lobe extending anteriorly from the isthmus in the ventral
midline), rather than a simple anterior displacement of the
isthmus (Figs. 4D and 4E; Table 1). In both of these double-
mutant classes, this pyramidal lobe attached either to only
one lateral lobe or to neither lobe (Fig. 4E). In the Hoxa3
single mutants with a displaced isthmus, the morphology
was normal, not pyramidal (not shown). Although the ap-
parent increase in the frequency of isthmus deletion in the
Hoxa3,Hoxd3 double mutants is not statistically significant
due to the small numbers of animals examined, this obser-
vation combined with the morphology of the ventral thy-
roid tissue when present in these double mutants supports

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 (Aabbdd). (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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the conclusion that thyroid defects are increased. The
Hoxb3,Hoxd3 double mutants examined showed no defects
in the structure of the thyroid lobes or the isthmus.

All single and double mutants were also tested for thyro-
globulin production by immunohistochemistry. All mutant
classes showed strong immunoreactivity to the thyroglobu-
lin antisera in both the follicular cells and the colloid of
the follicles, indicating normal expression of thyroglobulin
(Fig. 2E and data not shown).

Group 3 Paralogs Regulate the Migration of the
Thymus and Parathyroids

Because the Hoxa3 mutant has an early deletion of the
thymus and parathyroids, double mutants with Hoxa3 were
not informative as to the role of the other paralogs in the
development of these organs. Previous histological exami-
nation of Hoxd3 single mutants showed no obvious defects
in the thymus and parathyroids (Condie and Capecchi,
1993). We also saw no defect in the thymus or parathyroids
in the Hoxa3 heterozygous, Hoxb3 single-mutant, or
Hoxb3,Hoxd3 double-mutant newborns. The thymus was
of normal size and placement, and had well-organized cor-
tex and medullary regions (Fig. 5B; Table 1). Parathyroids
were always present bilaterally near the thyroid, and ap-
peared normal (data not shown).

Because mutations in Hoxa3 alone have such a profound
impact on thymus development, any functions of the
Hoxb3 and Hoxd3 genes would be masked in mice with
two mutant copies ofthe Hoxa3 gene. Therefore, we serially
sectioned two newborn mice with only a single wild-type
copy of Hoxa3 and mutant copies of all other genes within
this paralogous group (i.e., Hoxa3+/~, Hoxb300, and
Hoxd30 0 mice). In both of these animals, the thymus was
formed, but appeared as two lateral lobes displaced anteri-
orly from the normal location of the thymus (Table 1; Figs.
5C and 5D). The organization and overall size ofthese lobes
were similar to wild type, with clearly recognizable cortical
and medullary regions. These ectopic lobes extended from
a position medial to the cochlea posteriorly to the level of
the thyroid gland. Ectopic parathyroid glands were found
adjacent to the anterior ends of these ectopic thymus lobes
(Table 1; Figs. 6C and 6D). The thyroid itself appeared rela-
tively normal, with normal location, lobe structure, and
isthmus (recall that the Hoxb30 0,Hoxd30 0 newborns had
grossly normal thyroid structure). No ectopic ultimo-
branchial bodies were identified; however, due to the low
frequency at which animals ofthis genotype were obtained,
immunohistochemistry for calcitonin was not performed,
so the absent or partially fused ultimobranchial mutant phe-
notype could not be scored. A diagram of the ectopic posi-
tion of the thymus and parathyroids in these mutant mice
is shown in Fig. 7.

The degree of overlap that these genes have for this func-
tion was further defined by the analysis of other genotypes
that combine mutations of all three paralogs. All five triple
heterozygotes examined had normal thymus, parathyroid,
and thyroid glands as shown by H&E staining of sectioned

Manley and Capecchi

material (Table 1; Fig. 6A). Removal of one additional copy
of Hoxb3 (Hoxa3+~,Hoxb3~"'~,Hoxd3+'~), resulted in a uni-
lateral ectopic thymus, bilateral ectopic parathyroids, and
one ectopic ultimobranchial body in one of two animals
examined with this genotype (Figs. 5A and 5C and data not
shown). The other half of the thymus in this animal was
located at the midline, similar to the normal position for
the thymus. The second animal ofthis genotype had normal
thymus and thyroid glands, but still had one ectopic para-
thyroid gland and one ectopic ultimobranchial body. The
combination of defects seen in these animals shows that
parathyroid and thymus migration can be affected sepa-
rately, even though they normally migrate together. None
of the five Hoxb300,Hoxd300 double mutants examined
ever showed ectopic organs, indicating that at least one copy
of all three paralogs must be mutated in order to see this
mutant phenotype. The normal appearance ofthe triple het-
erozygotes further suggests that this phenotype requires the
mutation of at least four total copies ofthe group 3 paralogs,
indicating that this is a highly redundant function of this
gene family.

Only Hoxa3 Is Expressed in the Pharyngeal Pouch
Endoderm

The results from the analysis of Hoxa3+/~,Hoxb3~'~,
Hoxd3Q0newborns show that while the migration of the
thymus, the ultimobranchial bodies, and parathyroids is re-
dundantly specified, the development of the thymus and
parathyroids requires at least one functional copy of the
Hoxa3 gene to occur normally. Therefore, the formation of
the thymus and parathyroids appears to be one function of
these paralogous genes that is not redundantly specified.
This result could reflect a difference in the function ofthese
closely related genes, a difference in their expression pat-
terns, or both. At E9.5, these genes have been reported to
have similar expression patterns in the hindbrain, neural
crest, and pharyngeal arches (Hunt et al., 1991a,b). We ex-
amined the expression patterns of these three genes in the
pharyngeal region at E10.5, immediately prior to the onset
of pharyngeal organogenesis (Cordier and Haumond, 1980).
Wild-type embryos were stained in whole mount for each
of the three genes, and then sectioned to determine the
cellular localization of the signal.

At this stage of development, the expression patterns of
the three genes are similar, but not identical. All three genes
are extensively coexpressed in the mesenchyme of the
fourth and sixth arches, which is primarily neural crest-
derived (Fig. 8). In the third arch, Hoxd3 is expressed in
only a small subset of dorsally located cells, and Hoxb3
seems to be primarily expressed in more lateral regions of
the third arch mesenchyme. Hoxa3 is strongly expressed
throughout the mesenchymal cells of the third arch. Most
strikingly, Hoxa3 is the only one of these paralogs to be
expressed in the endodermal cells of the third and fourth
pouch (Figs. 8A and 8D). This unique expression of Hoxa3
in the pouch endoderm could provide an explanation for
the apparently unique function that it has in the develop-
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ment of the pharyngeal organs. These results also suggest
that the redundant function that these genes have in affect-
ing the migration of the pharyngeal organs may be due to
their coexpression in the neural crest.

CONCLUSIONS

We have used a genetic analysis of three paralogous Hox
genes, Hoxa3, Hoxb3, and Hoxd3, to uncover a novel role
for these genes in the morphogenesis of the pharyngeal or-
gans. Our analysis showed that all three genes are important
for proper migration ofthe thymus, ultimobranchial bodies,
and parathyroids, but only Hoxa3 seems to be required for
thymus and parathyroid organogenesis.

Development of the pharyngeal organs normally occurs
concurrent with their migration, during days E10.5 through
E15.5 of development. The most severe defects seen in the
multiple mutants correspond to events that normally occur
around E12.5-E13.5 (see Fig. 1). The less severe ultimo-
branchial body phenotypes (persistent but not ectopic ulti-
mobranchial body and partially, rather than fully, fused ulti-
mobranchial body) correspond to a slightly later defect, at
E13.5-E15.5. The migration of the organ primordia is
unique to the pharyngeal organs, and the mechanism by
which these cells migrate as a coherent group is not under-
stood. However, since these tissues have a significant con-
tribution from neural crest, it is tempting to suggest that
mechanisms similar to those mediating migration of neural
crest cells have been co-opted to allow the coherent migra-
tion of these very large groups of cells. Consistent with this
hypothesis isthe coexpression of Hoxa3, Hoxb3, and Hoxd3
in the neural crest that contributes to the development of
these organs. Loss of early expression of these genes in the
migratory or postmigratory neural crest could result in de-
fective organ development and migration. Because these
phenotypes resemble a block in organ migration at the
E12.5-E14.5 stage, this phenotype could also represent a
later requirement for these genes. The expression patterns
of these genes at later stages, and specifically in the pharyn-
geal organs, have not been examined in detail. Expression
of both Hoxa3 and Hoxb3 have been reported in the devel-
oping thyroid primordia (Gaunt, 1988; Sham et al., 1992),
raising the possibility that expression of these genes is re-
quired later, during organ development.

Ectopic pharyngeal organs have also been reported in
RARal/y double-mutant mice (Mendelsohn et al.,, 1994).
This phenotype was interpreted as resulting from the effect
of the RAR mutations on neural crest cell function. Since
the retinoic acid signaling pathway is a potential activator
of Hox gene expression during development (see Krumlauf,
1994, for review), the similarity between these phenotypes
is consistent with the suggestion that the aberrant migra-
tion of pharyngeal organs in mice with multiple mutations
in group 3 Hox genes is the result of the loss of expression
of these three genes in the neural crest.

A possible explanation for the ectopic organs seen in these
mutants is that there is a defect in cell migration. Several
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studies have shown that Hox genes play arole in cell migra-
tions during development, particularly of neurons. In C.
elegans, mab5 and 1in39 are HOM C homologs that regulate
cell migration of the Q daughter cells, which become sen-
sory neurons (Salser and Kenyon, 1992, 1994; Harris et al.,
1996). Mutations in mab5 and 1in39 affect both the direc-
tion and extent of migration of these cells during develop-
ment. In mice, Hox genes are also expressed in migrating
neurons. Independent mutations in Hoxal and Hoxb1l affect
the migration of motor neurons within the hindbrain (Car-
penter et al.,, 1993; Mark et al., 1993; Goddard et al., 1996;
Studer et al., 1996). In Hoxal mutant homozygotes, ectopic
neurons that extend their axons to the seventh ganglion are
found in rhombomeres 6, 7, and 8 and even in the rostral
aspects of the spinal cord. Such neurons are never observed
in normal mice. A reasonable hypothesis for the presence
ofthese neurons at such caudal positions is hypermigrations
of neurons normally restricted to rhombomeres 4 and 5. In
the Hoxbl mutants, motor neurons that originate in rhom-
bomere 4 and contribute to the facial motor nucleus fail
to migrate, resulting in the absence of the seventh motor
nucleus in these mutants.

The defect in thymus and parathyroid migration in the
Hoxa3+l~,Hoxbh3~'~,Hoxd3~'~ mice combined with the ap-
parently normal development of these ectopic organs shows
that pharyngeal glandular organ development and migration
during embryogenesis are genetically separable events. This
result is consistent with the fact that in lower vertebrates,
these organs do not migrate. The ultimobranchial body phe-
notype could also be considered to consist of two separate
defects, the failure of the ultimobranchial body to interact
with the thyroid lobes and a failure to migrate properly.
Both the migration defect and failure to fuse are redundantly
specified, although not to the degree seen in the thymus
and parathyroids because the ultimobranchial body defects
are seen in double mutants. It should also be noted that in
chickens the ultimobranchial body does not fuse with the
thyroid, remaining as a separate glandular organ. Thus, the
changes in pharyngeal organ migration seen in these Hox
mutants represent defects in morphological events that are
unique to mammals.

The presence of follicles containing colloid in the ectopic
ultimobranchial bodies suggests that some follicles may
arise directly from the ultimobranchial bodies. The ques-
tion of the embryological origins of the various cell popula-
tions within the thyroid gland has long been controversial.
It is generally accepted that calcitonin-positive C cells origi-
nate in the ultimobranchial bodies and are of neural crest
origin (Pearse and Carvalheira, 1967; Moseley et al., 1968;
Pearse and Polak, 1971; LeLievre and LeDouarin, 1975).
However, a number of studies have suggested that both C
cells and follicular cells have a dual origin, with both cell
types being able to arise from both the thyroid diverticulum
and the ultimobranchial body (Williams et al., 1989; Har-
ach, 1991; Conde et al., 1992; Pueblitz et al., 1993). Varia-
tion in ultimobranchial body and thyroid morphogenesis
between species has contributed to the confusion on this
issue (Rogers, 1927, and references therein). The apparent
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FIG. 7. The pharyngeal organ phenotypes in newborn multiple mutants. In the Hoxa30 ~,Hoxb300 and Hoxa3~,Hoxd3~ 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.

presence of colloid-containing follicles in some of the per-
sistent ultimobranchial bodies in the double mutants is
consistent with thyroglobulin-producing follicular cells
having such a dual origin. Interestingly, in the Echidna ulti-
mobranchial bodies never fuse with the thyroid gland, and
also have colloid-containing follicles (Maurer, 1899). How-
ever, the consistent lack of calcitonin-positive cells in the
thyroid in the absence of ultimobranchial body fusion
strongly suggests that the ultimobranchial body is the only
source of C cells, at least in the mouse.

Both the thyroid diverticulum and the ultimobranchial
body may be separately affected by these mutations. All
three paralogs have arole in ultimobranchial body develop-
ment as revealed in the double mutants. While the increase
in severity of the ultimobranchial body defects in the double
mutants is clear, the effect on the follicular lobes of the
thyroid is less dramatic. The presence of pyramidal lobes
and the broken thyroid lobe structure may represent an
increase in the severity of defects in the organization or
migratory behavior of thyroid diverticulum-derived tissue.
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Pyramidal lobes and cervical thyroid tissue are thought to
be remnants of the medial migration path of the thyroid.
However, it is possible that any apparent exacerbation of
the Hoxa300 phenotype in the structure ofthe thyroid lobes
could be secondary to the increased severity of the ultimo-
branchial body defects in the double mutants. While double
mutants with Hoxa3 may have a slight increase in the sever-
ity of defects in thyroid lobe structure, the follicular cells
themselves do not seem to be more severely affected. Also,
the Hoxb300,Hoxd300 double mutant and the Hoxa3+/~,
Hoxb300,Hoxd300 mutants do not seem to have any de-
fects in the follicular lobes or the isthmus. These results
suggest that the Hox group 3 paralogs may not play a sig-
nificant direct role in the development of the thyroid diver-
ticulum, and that the interaction between the thyroid diver-
ticulum and the ultimobranchial body is critical for the
proper development of the thyroid gland. A reason that the
thyroid diverticulum may not be directly under the influ-
ence of these Hox genes is that its site of origin (Fig. 1)
is not within the pharyngeal pouches. Alternatively, the
thyroid lobe defects could be secondary to changes in extra-
cellular matrix, or in cell adhesion properties along the mi-
gratory route, independent of ultimobranchial body defects.

Thymus and parathyroid organ development, on the other
hand, is extremely dependent on Hoxa3 function. One pos-
sible explanation for this apparently unique function for
Hoxa3 may be found in the comparison of the expression
patterns of the group 3 paralogs. At E10.5, when develop-
ment of these glandular organs is beginning, only Hoxa3 is
expressed in the third pharyngeal pouch endoderm cells.
Transplantation studies in the chick have shown that the
endoderm has a primary role in specifying thymus develop-
ment (LeDouarin and Jotereau, 1975). The importance of
interactions between pouch endoderm and neural crest cells
has also been demonstrated (Auerbach, 1960; Bockman and
Kirby, 1984; Anderson et al., 1993). The fact that Hoxa3,
alone in this paralogous group, is expressed in the pouch
endoderm may explain its singular role in the development
of the thymus and parathyroids.

In summary, we have shown that among the group 3
paralogous genes, Hoxa3 is the principal player required for
forming the pharyngeal organs. In the absence of Hoxa3
function, the thymus and parathyroids are not formed.
However, in combination with the Hoxa3 mutation, addi-
tion of mutations in Hoxb3 or Hoxd3 exacerbates the
impact on pharyngeal organ development, with increased
frequency and severity of defects being seen in formation,
subsequent migratory pattern and fusion of the ultimo-
branchial body with the thyroid. Finally, mice heterozygous
for the Hoxa3 loss-of-function mutations and homozygous
for the Hoxb3 and Hoxd3 mutations show defects in the
migratory pattern of the thymus and parathyroid glands.
This observation suggests a highly redundant role for all
three of these Hox genes in regulating the migration ofthese
very large groups of cells.
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