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SUMMARY

Eyes absent(Eya) genes regulate organogenesis in both
vertebrates and invertebrates. Mutations in humanEYA1
cause congenital Branchio-Oto-Renal (BOR) syndrome,
while targeted inactivation of murine Eyal impairs early
developmental processes in multiple organs, including ear,
kidney and skeletal system. We have now examined the role
of Eyal during the morphogenesis of organs derived from

parafollicular cells and the size of the thyroid lobes and
lack of fusion between the ultimobranchial bodies and the
thyroid lobe. These data indicate thatEyal also regulates
mature thyroid gland formation. Furthermore, we show
that Six1 expression is markedly reduced in the arch
mesenchyme, pouch endoderm and surface ectoderm in the
pharyngeal region ofEyal”’-embryos, indicating that Six1

the pharyngeal region, including thymus, parathyroid and
thyroid. The thymus and parathyroid are derived from 3rd
pharyngeal pouches and their development is initiated via
inductive interactions between neural crest-derived arch
mesenchyme, pouch endoderm, and possibly the surface
ectoderm of 3rd pharyngeal cleftsEyalis expressed in all
three cell types during thymus and parathyroid
development from E9.5 and the organ primordia for both
of these structures failed to form inEyal”-embryos. These
results indicate that Eyalis required for the initiation of
thymus and parathyroid gland formation. Eyal is also
expressed in the 4th pharyngeal region and
ultimobranchial bodies. Eyal”’~ mice show thyroid
hypoplasia, with severe reduction in the number of

expression in those structures isEyal dependent. In
addition, we show that inEyal”’- embryos, the expression
of Gem2in the 3rd pouch endoderm is undetectable at
E10.5, however, the expression ¢fox and Paxgenes in the
pouch endoderm is preserved at E9.5-10.5. Finally, we
found that the surface ectoderm of the 3rd and 4th
pharyngeal region show increased cell death at E10.5 in
Eyal’- embryos. Our results indicate thatEyal controls
critical early inductive events involved in the
morphogenesis of thymus, parathyroid and thyroid.

Key words:Eyal, Thymus, Parathyroid, Thyroid, Morphogenesis,
Hox, Pax, Six1, Gecm®eural crest, Endoderm, Ectoderm,
Apoptosis, Mouse

INTRODUCTION surrounded by mesenchyme derived from the cranial neural
crest (LeLievre and LeDouarin, 1975). The organ primordia for
The morphogenesis of mammalian organs derived from thilaymus, parathyroid and ultimobranchial body are formed
pharyngeal region is complex (Hilfer and Brown, 1984). Thethrough epithelial-mesenchymal interactions at approximately
thymus and parathyroids form as lateral evaginations of the 3EL0.5 (Smith, 1965; Moore and Owen, 1967; Owen and Ritter,
pharyngeal pouches, which are derived from the foregut969; LeDouarin and Joterean, 1975; Cordier and Haumont,
endoderm. The thyroid is formed by the fusion of two structure$980; LeDouarin et al., 1984; Manley, 2000; Owen et al., 2000).
of separate embryonic origin: the thyroid diverticulum, derivedChick-quail chimera experiments suggested that the endoderm
from the endoepithelium in the floor of the pharynx; and therovides the initiating signals for induction of the thymus, and
ultimobranchial bodies, formed as evaginations of the 4tls sufficient for the development of the major epithelial subtypes
pouches (Hilfer, 1968; Rogers, 1927; Rogers, 1971). For ea¢heDouarin and Joterean, 1975). All of these organs, the
of these endodermal evaginations, there is a corresponditigyroid, thymus, parathyroid, and ultimobranchial body,
ectodermal invagination or pharyngeal cleft. The ectodermalevelop concurrently and migrate from their sites of origin in
and endodermal epithelia, placed back to back, form ththe pharynx and pharyngeal pouches to their final positions
pharyngeal membrane (Cordier and Haumont, 1980). Duringlong the ventral midline of the pharyngeal and upper thoracic
their descent in the neck, these pharyngeal organs aregion. During their migration, the organ primordia interact
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with one another to ensure their normal development (Manley Four mammaliafcyagenes, homologues of tiosophila
and Capecchi, 1998). At present, the molecular basis for contreyes absent (eyggne (Bonini et al., 1993), have recently been
of these events is largely unknown. isolated (Xu et al., 1997a; Abdelhak et al., 1997; Duncan et al.,
The cranial neural crest has been shown to play a criticdl997; Zimmerman et al., 1997; Borsani et al., 1999). &jze
role during the development of thymus, parathyroid andjene products contain a divergent N-terminal transactivation
thyroid, initially by providing the mesenchymal cells thatdomain (Xu et al., 1997b) and a highly conserved 271 amino
populate the pharyngeal region. Ablation of neural crest cellacid C-terminal Eya domain that participates in protein-protein
in chick results in aplasia or dysplasia of the thymus anthteractions with So and Dac, the gene products encoded by
abnormal development of other pharyngeal pouch derivativethe Drosophila sine oculifsg and dachshund(dac) genes,
facial features, and the heart (Bockman and Kirby, 1984). ltespectively (Chen et al., 1997; Pignoni et al., 1997). In mice,
has been demonstrated that as development proceeds, Eyal and Eya2 are widely expressed in the cranial sensory
neural crest mesenchyme contributes connective tissyBacodes and at the sites of inductive tissue interactions during
elements to organs developing in the pharyngeal regiomrganogenesis, whilEya3 and Eya4 are expressed in peri-
including thymus and parathyroid, and forms the calcitoninplacodal mesenchyme and dermamyotome, respectively (Xu et
producing cells of thyroid gland (LeLievre and LeDouarin,al., 1997a; Borsani et al., 1999). These features suggest major
1975; LeDouarin, 1977; Noden, 1983; Noden, 1984)roles forEya genes in the development of vertebrate organs
However, the precise role of neural crest cells in thend sensory systems, potentially by mediating the expression
development of organs derived from the pharyngeal regioaof inductive signals that act between tissue layers. In addition
remains unclear. in many developing tissuediya genes are widely and
The ectoderm has also been shown to play an important radérikingly co-expressed witliPax and Six genes, the latter
in the development of thymus. In the chick embryos, ablatiorepresenting the mammalian homologssof(Oliver et al.,
of the ectoderm of the 3rd and 4th clefts before it fuses with995a; Oliver et al., 1995b; Xu et al., 1997a), suggesting
the endoderm of the 3rd and 4th pouches results in possible interactions between their gene products. Besides the
rudimentary thymus, while the parathyroid and thecranial placodes and sensory systelga genes are also
ultimobranchial body develop normally (Hammond, 1954). Itstrongly expressed in the pharyngeal region and its derivatives
has been demonstrated that similarly to man, the entire thymé®m E9.5 during mouse development (Xu et al., 1997a).
in the mouse is of a mixed ecto-endodermal origin and that tieéowever, the function dtyagenes in pharyngeal development
arrested development of the 3rd ectodermal cleft at E11.5 imas not been previously described.
nude mice results in thymic dysgenesis (Cordier and Haumond, We have recently reported thayal-null animals lack ears
1980). Recently, it has been described thatAtwenl gene, and kidneys due to defective inductive tissue interactions and
which encodes a transcription factor of the wingedapoptotic regression of organ primordia (Xu et al., 1999a).
helix/forkhead class, is mutated in the nude mice (Nehls et alnterestingly, numerous defects in a continuum of cranial
1994). However, the precise role of the ectoderm in thymustructures that are dependent on neural- crest, beginning in the
development is also not clear. orbital region and extending through the face and neck into the
Several genes have been implicated in the development béart, were observed Eyalmutants (Xu et al., 1999a) (P.-X.
the pharyngeal organsloxa3 a member of the Hox gene Xu, unpublished). We have now examined the development of
family, which specifies positional identity in the developingorgans derived from the pharyngeal region, including thymus,
embryo (Krumlauf, 1994), is expressed in both 3rd and 4tparathyroid and thyroid inEyat’~ animals. In Eyat’~
pharyngeal pouch endoderm and neural crest mesenchyneenbryos, the organ primordia for both thymus and parathyroids
Inactivation of theHoxa3gene in mice results in aparathyroid fail to form. A thyroid defect is also present, which results from
and athymia and persistent ultimobranchial bodies (Manleg severe reduction in the number of parafollicular and follicular
and Capecchi, 1995)Pax1 and Pax9 are closely related cells; these cells do not interact with each other owing to a lack
members of the paired-box gene family, which play criticalof fusion between the ultimobranchial bodies and the thyroid
roles in the development of multiple organs (Strachan anibbe. Furthermore, we show that Eyal’~ embryos,Six1
Read, 1994, Stuart et al., 1994; Neubuser et al., 1995; Dahl @tpression in pharyngeal arch mesenchyme, pouch endoderm
al., 1997). Inactivation ofax9 results in early failure of and surface ectoderm was markedly reduced andGbai2
thymus, parathyroid and ultimobranchial body formationexpression in the 3rd pouch endoderm was undetectable.
(Peters et al., 1998), whileax1l mutants have hypoplastic Finally, we have shown that increased cell death was observed
parathyroid and thymus and disturbed thymocyte maturatioim the surface ectoderm of the 3rd and 4th pharyngeal region
(Wallin et al., 1996; Su et al., 2001). Recentycm2 in Eyat’-embryos of E10.5, indicating thByalis required
homologous to theDrosophila Glial cells missinggene for the ectodermal cell survival. Our data indicate gl
encoding a transcription factor with a novel DNA bindingplays an essential role in the neural crest, endodermal and
domain, has been shown to play a key role specifically for thectodermal cells that are required for the morphogenesis of
organogenesis of parathyroid glands (Akiyama et al., 1996nammalian thymus, parathyroid and thyroid.
Kim et al., 1998; Gordon et al., 2001). In addition to these
transcription factors, retinoid signaling has been shown to be
essential for the formation of the 3rd and 4th pharyngeal arch@sATERIALS AND METHODS
(Dupe et al., 1999; Wendling et al., 2000). Although these
studies have started to define specific genes controlling earyrimals and genotyping
pharyngeal organ development, the identity of the regulatorplice heterozygous for a targeted disruption of Byalgene were
pathways has not been established. intercrossed to produce embryos of all three possible genotypes. The
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mutant allele containedreeocassette replacing most of the conservedof thymus/parathyroid at approximately E12.0 (Fig. 2A).
Eya domain region (Xu et al., 1999a). This mutant allele is maintaineth Eyal’~ embryos, however the organ primordia of
in three different genetic backgrounds (129, BALB/c, C57BL/6J).thymus/parathyroid were never seen (Fig. 2B; other data not
Genotyping of mice and embryos was performed as described (Xu ghown). In contrast, the primordia of the ultimobranchial

al."l'liggg&)i mutant allele was created by replacement of thebOdies derived from 4th pouches formed with slight
. . . . e
endogenous start codon as well as the exon 1 with a promol!‘erless'ndematlons in both sides of the head in four out oEgit-

coli ATG-lacZ-poly(A) cassette and thHeGK-neogene, and will be BALB/c embryos (arrow, Fig. 2B). .

presented elsewhere (C. L. and P. M., unpublished). Mutant mice Pax1 and Pax9 genes are expressed in pharyngeal pouch
carrying Six1 mutant allele, Six12¢Z, were obtained using gene €ndoderm from E9.5 and in their derivatives (Fig. 2C,E)
targeting technologyEyalSix1 double heterozygous mutant mice (Neubuser et al., 1995; Wallin et al., 1996). Byal’-
were generated by crossing mice carrying mutant alleleyafand  embryos, bothPax1l and Pax9 expression in the pouch
Six1 (Six1ac?), A set oflacZ primers are used to detect the mutantendoderm is not detectably altered at E9.5-10.5, before the
allele and a set of primers within the exon ISoflgene are used to  pudding and outgrowth of thymus/parathyroid rudiments (Fig.
detectSix1wild-type allele. 6C-F). However, at E11.5-12 BaxlandPax9expression was
only detected in the rudiments of the ultimobranchial bodies in

Embryos for histology and in situ hybridization were dissected out i#yal_/ (_ambryos (Fig. ZC".:)‘ Thg absenceRaix1and Pax9 .

PBS and fixed with 4% PFA at 4°C overnight. Embryonic membrane§*Pression in the prospectlve region of the thymus/parathyrmq

were saved in DNA isolation buffer for genotyping. Histology wasfudiments further confirms the absence of these structures in

performed as described previously (Xu et al., 1999a). To visualizEyal’~embryos (Fig. 2C-F).

SixJacZ expression, mutant embryos were stained with X-gal and To determine whether there are immunological deficits in

sectioned as described previously (Xu et al., 1999b). Eyalheterozygous mice, we have examined peripheral blood

For in situ hybridization, we used 3 wild-type or mutant embryodymphocytes from Eyal’~ mice on 129, BALB/c and

at each stage for each probe as described previously (Xu et al., 1997%857BL/6J inbred strains using flow immunocytofluorimetry.

. . Monoclonal antibodies were used to assess the proportions of

Whole.mount immumostaining with Hoxbi-speciic _anbocy CEIS, SPTessing antigens B220 (8 cell), CD3 and CD4 (T
9 b Y cells), CD11 (macrophages), and NK1 (natural killer cells).

(BabCO) and section staining with calcitonin-specific antibody (ICN) . . .
were performed as described previously (Manley and Capecchlﬁ_ezspon3|veness to T cell and B cell mitogens in culture (4 days

1995). Both antibodies were detected using HRP-coupled secondat{imulation with conA and overnight stimulation with LPS)

antisera (Vector Laboratories) and staining with diaminobenzidin&vas evaluated by examining expression of the early activation

(DAB). Immunostained sections were counterstained with dilutedantigen CD69 on Thy 1-positive T cells and B220-positive B

Ehrlich’s Hematoxylin, mounted in Permount and viewed using DICcells. None of the three strains differed from wild-type mice
_ (data not shown), suggesting thd&yal’~ mice are

TUNEL analysis _ _ ~ immunocompetent. In addition, the thymus in the three strains

We performed TUNEL assay for detecting apoptotic cell death usingf Eya 1/~ mice had normal morphology (data not shown).

the ApopTag detection kit (Intergen). We used 3 wild-type or mutant

embryos for this assay. Eyal regulates mature thyroid formation

The thyroid gland is formed by the fusion of the thyroid
diverticulum from the floor of the pharynx and the

Phenotype analyses and in situ hybridization

RESULTS ultimobranchial body from 4th pharyngeal pouch (Hilfer,

. . 1968; Pearse and Polak, 1971; Rogers, 1927; Rogers, 1971,
Eyal is required for normal development of the LeLievre and LeDouarin, 1975; Fontaine, 1978yal is
thymus and parathyroid expressed in the pouch endoderm, the ectodermal clefts and the

Eyalis strongly expressed in the pharyngeal arches (al-a4), thech mesenchyme in the 4th pharyngeal region (Fig. 1A and
pouch endoderm (p2-p4) and the surface ectoderm includirdpta not shown). Although the 4th pouches are slightly
clefts (2nd, 3rd and 4th) in the pharyngeal region at E9.5-10ifdented in som&yalt’- animals (Fig. 2B), they do separate
(Fig. 1A,B and data not shown) (Kalatzis et al., 1998)as buds to form the rudiments of the ultimobranchial bodies
SubsequentlyiEyal expression was observed in the structureand these rudiments express bedlxlandPax9(Fig. 2B,D,F).
that are derived from the pharyngeal region, including thymus Next, we used Hoxbl expression as an early marker of the
and parathyroid (Fig. 1C,D). To study whetBsalplays any 4th pouch endoderm (Frohman et al., 1990; Manley and
role during the formation of thymus and parathyroid, serialCapecchi, 1995). Immunostaining revealed that at E10.5-11.5,
histological sections of the neck and upper trunk region afhe expression level of Hoxbl in the 4th pouches (p4) was
Eyal’-embryos from E14.5 to PO were analyzed. The thymumdistinguishable from that of wild type (brown stain in Fig.
and parathyroid, both derivatives of the 3rd pharyngeal pouche3A,B, and data not shown). Therefore, our results indicate that
are absent ifEyat’- animals on both BALB/c and C57BL/6J the 4th pouches form the primordia of the ultimobranchial
backgrounds (Fig. 1E-H). These results suggest Byatl body in the absence &yal
expression in the developing thymus and parathyroid glands is To confirm our observation, we used an antibody against
required for their normal development. calcitonin to identify parafollicular or C cells that are believed
To determine the onset of phenotypic abnormalities duringp be neural crest-derived in the ultimobranchial bodies on
pharyngeal pouch development, we analyggdl’~embryos transverse sections Bfyal’-and wild-type newborn animals.
at E11.5-12.5. In wild-type embryos, the 3rd pouches evaginata wild-type mice, the thyroid is a bilobed structure, with two
and then separate as epithelial buds to form the primordiarge lateral lobes joined across the ventral midline at their
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Eyal In Situ

Fig. 1.Eyal’-embryos lack thymus and parathyroid glands. (A) A frontal section shdyiagexpression in pharyngeal arch (a1-4)
mesenchyme, pouch endoderm (p1-3) and pharyngeal clefts (arrows) at E9.5. Cranial is up. (B) A transverse section shd#yad strong
expression in the distal part of the pharyngeal arches and the surface ectoderm of 2nd cleft (arrow) at E10.5. (C,D)sketisvesgowing
Eyalexpression in the thymic lobes (th) and parathyroid glands (pt) at E14.5. In adeljdris also expressed in sympathetic ganglia (sg)

and trachea (trEyalis not expressed in the thyroid lobe (ty). (E-H) H and E-stained transverse sections of the neck region at E14.5. (E,F) In
wild-type embryos, two thymic lobes are present and the parathyroid glands are associated with the thyroid gland (tyEy@&H) In

embryos, no thymus and parathyroid formation (*) was found at the same level or in other regions of the neck and uppeBtidnkoFsal

is up. aa, aortic arches; ca, carotid artery; es, esophagus.

posterior aspects by the isthmus. Fig. 3C shows a transverngesitive vesicles probably present persistent ultimobranchial
section through one lateral lobe of a control animal. Calcitoninbodies that failed to fuse with the thyroid diverticulum, similar
producing C cells (brown stain) were numerous and could b® that seen irHoxa3 mutant mice (Manley and Capecchi,
found throughout the lobe. In contrafiyal’~ mice had 1995) and inEchidna in which ultimobranchial bodies never
hypoplastic lobes and fewer calcitonin-producing cells, with 4use with thyroid gland and also have colloid-containing
BALB/c animals showing a reduction of approximately 60%follicles (Maurer, 1899).
in the number of calcitonin-positive cells and all the calcitonin- We next examined the expression of the thyroid-specific
positive cells are localized in an anterodorsally placedjenesPax8andTtflin Eyal’- thyroid morphogenesifax8
vesicular structure (Fig. 3D). These vesicles varied in size arid expressed in the developing thyroid gland from E9.0 and
were associated with, but had no visible connection to, th~
thyroid, which lacked calcitonin-positive cells. In addition, we
have observed follicular structures in the calcitonin-positive
vesicles (Fig. 3D). H and E stained sectionEyd 1/~ mutants
showed that these follicular structures did contain colloid
indicating that thyroglobulin is produced and secreted to thin
lumen of the follicles (data not shown). These calcitonin-
L

Fig. 2. The 3rd pharyngeal pouches do not separate as buds to form
the primordia of thymus/parathyroid. (A,B) Transverse sections
showing that in wild-type embryos (A), the 3rd pouches evaginate

and then separate as buds to form the primordia of
thymus/parathyroid (th/pt) at around E12.5, while the 4th pouches
separate to form the rudiments of the ultimobranchial bodies (ub) at
the same time; however Eyat’-embryos (B), the primordia of
thymus/parathyroid failed to form, while the rudiments of
ultimobranchial bodies (ub) were formed but with a slight
indentation (arrow in B). (C-F) Transverse sections shoRad
andPax9expression in the rudiments of the thymus/parathyroid and
ultimobranchial bodies at E12.0 of wild-type embryos (C,E). In
Eyal’-embryos, the expression BaxlandPax9was only detected
in the rudiments of ultimobranchial bodies (arrows). The absence of
PaxlandPax9expression in the prospective region of the &_“
thymus/parathyroid rudiments confirms the absence of these
structures irEyat’-embryos (D,F). Dorsal is up. ph, pharynx;

tr, trachea.

Pax
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Fig. 3. Ultimobranchial body and thyroid lobe defectEyat’-
mice. (A,B) The embryos of E10.5, after completion of neural crest
migration, were stained with Hoxb1 antibody to label the 4th
pharyngeal pouches (p4). The 4th pharyngeal pouches express
Hoxb1 (brown stain) in both wild-type (A) aftyal’-embryos (B).
No significant difference of Hoxb1 expression in the 4th pouch
endoderm was observediiyalmutants. (C,D) Transverse sections
through newborns, stained with anti-calcitonin antibody (brown
staining). (C) A wild-type thyroid with numerous calcitonin-positive
cells and follicular cells (f, arrow) throughout the lobe. (D) An
Eyal’-animal with bilateral persistent ultimobranchial bodies and
malformed thyroid lobes. Only a few follicles are formed in the main
. .. body of the thyroid (ty, arrow). Note that the dorsally placed vesicle

L L W e which is strongly positive for calcitonin represents a persistent

I o ate b ultimobranchial body (ub) iEyalmutants, not fusing with the
thyroid lobe. This ultimobranchial body also contains follicle-like
structures (arrow). No isthmus was present in this animal.
(E-H) Transverse sections at E15.5 showRag8expression in the
thyroid lobes in wild-type anByat’-embryos. (E) The
ultimobranchial body cell populations showing wéx8
expression (arrow) were visible within the thyroid lobes at this stage.
Parathyroid (pt) was also visible. (F) No ultimobranchial body cell
population was observed within tEgat’-thyroid lobes on the
same level and parathyroid was also absent. However, the
ultimobranchial bodies showing weRkx8expression were
observed at the anterior end dorsal to the thyroid loEgyat-
embryos (H). No ultimobranchial bodies were found in wild-type
embryos on the same level (G). (I-L) Transverse sections showing
Ttf1l expression in the thyroid lobes in wild-type embryos at E15.5
(I,K) and in both the persistent ultimobranchial bodies and the
thyroid lobes oEyat’-embryos (J,L). Similarly, the persistent
ultimobranchial bodies were observed as separate structures located
anterodorsally to the thyroid lobeskyal’-animals (L). For C-L,
dorsal is up. tr, trachea; la, larynx.

Hoxb1

Calcitonin
=

ultimobranchial body cell population was observed within the
thyroid lobes andPax8was strongly expressed throughout the
lobe (Fig. 3F). The ultimobranchial bodies showing wieak3
expression were observed at the anterodorsal emyaf’~
thyroid lobes (Fig. 3H). Th&tfl probe showed similar results
with strong expression in both the ultimobranchial bodies and
the thyroid lobes oEyat’-embryos (Fig. 3I-L) (Mansouri et

al., 1998). The ultimobranchial bodiesBgat’-animals were
detected as separate structures located at the anterodorsal end
of the thyroid lobes (Fig. 3D,H,L). We examined 4 BALB/c
animals at E15.5 with Bax8 marker and 4 BALB/c newborn
animals with calcitonin staining; 4 showed persistent
ultimobranchial bodies on both sides and 4 showed persistent
inactivation ofPax8results in a total absence of the thyroid ultimobranchial body on one side only (Table 1).

follicular cells (Lazzaro et al., 1991; Mansouri et al., 1998). The structure of the thyroid lobe itself was also affected in
The homeobox geneTtfl is expressed in both the Eyal’-newborn mice. In all cases examined the thyroid lobe
ultimobranchial body and the developing thyroid from E9.0was reduced by approximately 40-60% (Fig. 3D and data not
and mice lackingTtfl lack both C cells and follicular cells shown) and three animals lacked an isthmus (Table 1). Follicles
(Lazzaro et al., 1991; Kimura et al., 1996; Mansouri et al.yere formed, but the follicular cells were reduced in number.
1998). Both gene products have been shown to cooperate o determine whetheiEyal plays a direct role in the
transcriptional activation of the thyroglobulin gene promoter irmorphogenesis of thyroid gland, we analyzed the thyroid
follicular cells (Pasca di Magliano et al., 2000). In E15.5 wild-development irEyat’- embryos andEyal expression in the
type embryos, although the ultimobranchial bodies are alreadityroid from earlier stages. The morphogenesis of thyroid
embedded in the thyroid lobes, they are still visible as discreglands begins at around E10.5 when a small region of the floor
cell populations, which show we#ax8expression within the of the pharyngeal endoderm invaginates to form the thyroid
thyroid (arrow, Fig. 3E). Parathyroid glands were visible on théud (Fig. 4A). The thyroid bud migrates dorsocaudally to the
sections in which the ultimobranchial body cell populationsventral midline (Fig. 4C). IrEyat’~ embryos, the thyroid
were evident (Fig. 3E). However, iByal’~ embryos, no primordia form and express botRax8 and Ttfl (Fig.
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Table 1. Summary of thyroid and ultimobranchial body
defects inEyal”—animals

No. of animals No. of Thyroid
analyzed ub defects Types of ub defects isthmus defects
4 at E15.5* 4/4 2 persistent on both sides

2 persistent on one side and
absent on the other side
4 newborn$ 4/4 2 persistent on both sides 3/4 absent
2 persistent on one side and
absent on the other side

*Animals at E15.5 were analyzed Pax8expression. Ultimobranchial
bodies (ub) showing wedkax8expression and located as separate structures
anterodorsal to the thyroid lobes were scored as persistent. Absent ubs wer:
scored as absence of both a persistent ub andRee@expression within
the thyroid lobe on a single side.

TAnimals at newborn stage were analyzed by calcitonin staining. ubs were
scored as absent if there was no persistent ub and no calcitonin-positive cell
within the thyroid lobe on a single side. Three animals lacked an isthmus.

4B,D,F,H). We next performed in situ hybridization on both
transverse and sagittal sections of 6 wild-type embryos at ea
stage to determine whethEyalis expressed in the thyroid.
We failed to detect convincingyalexpression in the thyroid
at E9.5-14.5 (Fig. 41,J and Fig. 1D and data not shown
indicating thatEyalis not expressed in the thyroid gland at
these stages. Therefore, it is possible that the defect detec
in the thyroid lobe ofEyal’- animals is due to the lack of
fusion with the ultimobranchial body. Nonetheless, our result
show thatEyal is required for the formation of a mature
thyroid gland.

Eyal is required for the expression of  Six1 in
pharyngeal arch mesenchyme

The fo_rma'uon qf the thymus, parathyroid and uItlmobranch|aEig_ 4.Normal development of the thyroid primordiafgat’-

body involves interactions between several embryonic cellmpryos. (A-D) Transverse sections showing the thyroid primordia
types (Auerbach, 1960; Rogers, 1971; BOCkma” and K'_rb)(t ) in wild-type (A,C) ancEyat’-(B,D) embryos at E10.5. The
1984). These morphogenetic events require the properly timegyroid primordia were evident iByat’-embryos. (E,F) Transverse
interactions of neural crest-derived arch mesenchyme, pouskctions showin@ax8expression in the thyroid primordia of wild-
endoderm, and possibly surface ectoderm from pharyngesipe andEyat’-embryos at E10.5. (G,H) Sagittal sections showing
clefts (Auerbach, 1960; Cordier and Haumont, 1980; Bockmaftf1 expression in wild-type anlyat’~thyroid primordia at E10.5.
and Kirby, 1984; Kuratani and Bockman, 199@yal is  (I,J) Transverse sections showing thgalexpression was not
expressed in all three cell types from early embryonic stagéi§tectable in the thyroid primordia at E10.5-11.5 in wild-type

(Fig. 1A,B). To determine the earliest stage at which a defe@mPryos. ph, pharynx; baa, 2nd branchial arch artery. For transverse
) N Sections, dorsal is up; for sagittal sections, cranial is up and dorsal is

in thymus, parathyroid and thyroid development could bgjc jeft.
detected, we examined the expression of genes that are known
to be expressed in the neural crest, endodermal or ectodermal
cells as molecular markers. Embryos were initially analyzed aixpression domain d&yal No significant difference d¥isx1
E9.5 and 10.5, after neural crest migration is complete (E10.%xpression in the pharyngeal arches was observed between
but before overt thymus and parathyroid development isild-type andEyat’-embryos at E9.5 (Fig. 5C,D). At E10.5,
detectable. after completion of neural crest migration, Msxlexpression

We first examined the expressionHidxa3 MsxlandSixl  domain became smaller Eyal’- embryos (data not shown).
in the neural crest cells Byal’-embryosHoxa3is expressed Since Eyat’~ embryos show hypoplasia of the pharyngeal
in premigratory neural crest cells in hindbrain rhombomeres Brches, determined by H and E staining of 12 EEy&t-
6 and migratory neural crest cells that populate the 3rd and 48mbryos on both transverse and sagittal sections (data not
pharyngeal arches (Manley and Capecchi, 1995). Nshown), this indicates that the reduction offexlexpression
significant difference oHoxa3expression in the neural tube, domain could be a result of the size reductionEgat’~
migratory neural crest cells or 3rd and 4th pharyngeal archgdaryngeal arches. Nonetheless, our results indicat& yiadt
was observed iEyal’-embryos at E9.5-10.5 (Fig. 5A,B and is not required for the expression Mbx1in the pharyngeal
data not shown)Msx1, another homeobox gene, is normally arch mesenchyme.
expressed in the distal pharyngeal arch and below the epithelialSix1, a member of the&Six gene family, is normally co-
layer at E10.5 (Brown et al., 1993), which overlaps with theexpressed witltyalin the pharyngeal arch mesenchyme (Fig.
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endoderm (Fig. 6G) (Wilkinson et al., 1989), and its expression
depends orcyalfunction during otic development (Xu et al.,
1999a). However, no significant differenceHgf3 expression
was detected in the pharyngeal pouches between control and
mutant embryos (Fig. 6G,H). Taken together, these results
indicate thatHoxa3 Paxl, Pax9 and Fgf3 function either
upstream or independently Bffal

In contrast, the expression 8fx1,also co-expressed with
Eyalin pharyngeal pouches at E9.5-10.5, was significantly
reduced in the pouch endodermEyfat’-embryos (arrows in
Fig. 61,J and data not shown). In addition, the expression of
Six1 in the ectodermal clefts was also markedly reduced
(arrowheads, Fig. 61,J). To further confirm our observation, we
then crossed thgix12°Z allele intoEyal”~ mice and generated
Eyal’-Six1a°Z/* embryos to determine the expressiorSofl
in Eyat’-pouch endoderm and surface ectoderm using X-gal
staining for Six1a¢Z, As shown in Fig. 6K,SixJacZ was
strongly expressed in the 2nd, 3rd and 4th pouch endoderm and
the surface ectoderm including 2nd, 3rd and 4th pharyngeal
clefts. However, its expression iEyal’~ embryos was
markedly reduced in both the pouch endoderm and the surface
ectoderm (arrows and arrowheads, Fig. 6L). The expression of
SixJacZ surrounding the arteries of pharyngeal arches remained
Fig. 5. Neural crest defects in the pharyngeal arch&yaft’~ unaffected irEyat’- embryos (open arrowheads, Fig. 6K,L).
embryos. (A,B) Transverse sections of wild-type Bye1/- These results indicate that the expressioBixfalso requires

embryos at E9.5 showirtgoxa3expression in the hindbrain neural Eyal function in both the pouch endoderm and the surface
tube, migrating neural crest cells (arrow) and 3rd pharyngeal arCheseCtoderm

(a3). No significant change was founddyalmutants.

(C,D) Transverse sections showilgxlexpression in the neural
crest cells in the pharyngeal arches of wild-type Byalt’- embryos
at E9.5. No significant difference bfsx1lexpression was observed

Gcem?2 expression in the 3rd pharyngeal pouch
endoderm is also Eyal-dependent

at E9.5 inEyat’-embryos. (E,F) Transverse sections shov@ng. To further investigate the molecular defects in the formation of
expression in the distal edge of arch mesenchyme in wild-type and thymus and parathyroid primordia iByat’ embryos, we
Eyal’-embryos at E10.5ix1expression was not detectable in examined the expression of the parathyroid-speGiim2 and
EyaT’-embryos (asterisks in F). Dorsal is up. thymus-specificFoxnl genes. Mice lackingGecm2 have no

identifiable parathyroid glands, but have normal thymus (Gunther

et al., 2000)Gem2is expressed in the 3rd pouch endoderm from
5E), and its expression dependskEyalfunction during otic E9.5 and its expression becomes restricted to a small domain
development (Xu et al., 1999a). Similar to otic developmentwithin the 3rd pouch endoderm by E10.5 (Fig. 7A and data not
Six1expression was markedly reducedByat’- pharyngeal shown) (Gordon et al., 2001). HowevBgm2expression was not
arches at E9.5 and 10.5 (Fig. 5F and data not showngetectable in the 3rd pouchesEfat’~ embryos at E9.5-11.5
Therefore, our results show thatalis required for the normal (Fig. 7B and data not shown), indicating t@aim2expression in
expression oBix1in the neural crest of pharyngeal arches. the 3rd pouch endoderm is alSgaldependent.

. . . o Foxnlis required cell-autonomously for thymic epithelial
Eyal is required for the expression of  SixI in the cell differentiation (Nehls et al., 1994; Blackburn et al., 1996),
pouch endoderm and the surface ectoderm but is not required for the initiation of thymus organogenesis
We next examined the expressiorHufxa3 Pax1, Pax9, Fgf3 (Nehls et al., 1996)Foxnlis first expressed in the common
and Six1 in the pharyngeal pouch endoderm at E9.5-10.5primordia of thymus/parathyroid after it forms at around E11.5
Hoxa3is also expressed in 3rd and 4th pouch endoderm arahd its expression marks the presumptive thymus-specific
neural crest mesenchyme, and absencel®fa3 results in  region in a complementary pattern to the parathyroid marker
aparathyroid, athymia and thyroid hypoplasia (Manley andscm2(Fig. 7C) (Gordon et al., 2001). Eyat’-embryos, the
Capecchi, 1995). Similar to that seen in neural crest cell8rd pouches do not separate from the pharyngeal endoderm as
Hoxa3 expression is not affected in the pouch endoderm iepithelial buds and nBoxnlexpression was detected in the
Eyal’~ embryos (Fig. 6A,B)Pax1 and Pax9 are normally 3rd pharyngeal region (Fig. 7D and data not shown). The
expressed in pouch endoderm and deletioRaoflresults in  absence ofoxnlexpression in the prospective region of the
parathyroid and thymus hypoplasia, while deletionPak9 thymus/parathyroid primordia irEyat’~ embryos further
results in absence of all derivatives from 3rd and A4ttsuggests that the formation of the primordia is not initiated in
pharyngeal pouches (Dietrich and Gruss, 1995; Neubuser et d&tyal’- embryos.

1995; Wallin et al., 1996; Peters et al., 1998). At E9.5-10.5,

both Pax1 and Pax9 expression in pouch endoderm is notAbnormal induction of apoptosis of the pharyngeal
detectably altered iEyal’- embryos (Fig. 6C-F and data not surface ectoderm

shown).Fgf3 is expressed in the posterior half of the pouchSince we have previously observed tBgalis required for cell
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Fig. 6. Expression oBix1in the pharyngeal pouch endoderm and the ectoderm of pharyngeal clefts was markedly regyaett @mbryos.
(A,B) Coronal sections showing thidbxa3is normally expressed in the 3rd and 4th pharyngeal pouches and arches (A), and its expression was
unaffected irEyat’-embryos at E9.5 (B). (C,D) Coronal sections showingRhailis normally expressed in the pouch endoderm at E9.5-
10.5 (C), and its expression is preserveByat’-embryos (D). (E,F) Coronal sections showing fPat9is also expressed in the pouch
endoderm at E9.5-10.5 (E) and its expression is also preserfggdiri-embryos (F). (G,H) Coronal sections showing #giB is normally
expressed in the posterior half of the pouch endoderm at E10.5 (G) and its expression was undfgatedémbryos (H). (1,J) Coronal
sections showing th&ix1is normally co-expressed wittyalin the 3rd pouch endoderm (arrow in I) and the surface ectoderm of 3rd clefts
(arrowhead in 1), and its expression was markedly reduced in both structBsestifr embryos (arrows and arrowheads in J). (K,L) Coronal
sections showing strorgjix12cZ expression in wild type (K) in the pouch endoderm and surface ectoderm including 2nd, 3rd and 4th
pharyngeal clefts; however, Eyal’-embryos Six12°Z expression was significantly reduced in the pouch endoderm (arrows) and surface
ectoderm (arrowheads, L) in the 2nd, 3rd and 4th pharyngeal regions (a2-a4). In contrast, its expression surroundiag tfighatgmgeal
arches remains unaffected (open arrowheads).

survival in the otic epithelium and metanephric mesenchyme, waesenchyme and pouch endoderm (Fig. 8B,C,E,F and data not
analyzed whether the hypoplasia of the pharyngeal arches asldown), indicating that apoptosis was not altered in the 3rd and
the defective formation of pharyngeal organByal’~embryos  4th pharyngeal arches and pouches in the absertgaaf

could partly result from programmed cell death (apoptosis). In contrast, abnormal apoptosis was observed in the surface
Apoptotic cells were detected in the pouch endoderm and arc*
mesenchyme in wild-type embryos at E10.5-11.5 (Fig. 8A-C A
and data not shown). lEyat’~ embryos, the number of +/+ Eya1 /
apoptotic cells detected by TUNEL assay was slightly increase
in the proximal region of the 1st and 2nd pharyngeal arche
(arrows, Fig. 8D,E). However, no significant changes o
apoptotic cells were found in the region whEgalis strongly
expressed in the 1st and 2nd pharyngeal archeByat/-
embryos (Fig. 8A,B,D,E). We have also not detected significar
changes of apoptotic cells in the 3rd and 4th pharyngeal ar

Gem2

Fig. 7.Gecm2andFoxnlexpression was not detectablegyat’~
embryos. (A,B) Coronal sections through the 3rd pharyngeal pouch
of E10.5 wild-type an&Eyal’-embryos showing thascm2is

strongly expressed in the 3rd pouch endoderm in wild-type embryos
(arrow, A) and its expression was not detectabEyiat’~embryos
(arrow, B). (C,D) Sagittal sections through the 3rd pharyngeal region
showing thafoxnlis expressed in the ventral region of the
thymus/parathyroid primordia at E11.5 of wild-type embryos (arrow,
C), but its expression was not detectablEyal’-embryos (arrow,

D). Note that the 3rd pouch is attached to the pharyngeal endoderm
and does not separate as buds to form the primordia of
thymus/parathyroid ifEyat’-embryos. Cranial is up (A-D) and

dorsal is to the left (C,D). a, pharyngeal arches; baa3, 3rd branchial
arch arteries; ph, pharynx.

Foxn1
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The role of Eyal in the development of neural crest-
derived pharyngeal arch mesenchyme

Since the neural crest mesenchymal structures derived from the
3rd and 4th pharyngeal arches and pouches are affected
similarly by neural crest ablation in chick, and by losEyx1,

we conclude thakyal is required for normal neural crest
development in pharyngeal arches (Bockman and Kirby, 1984;
Bockman et al., 1989; Kuratani and Bockman, 1989alis

not expressed in premigratory neural crest cells and our marker
analysis ofHoxa3shows that there is no significant change of
Hoxa3expression in premigratory, migratory neural crest cells
or in the 3rd and 4th pharyngeal arche€im’~ embryos.
Thus, the neural crest defects seeByalmutants must occur

at the postmigratory stage. Interestingly, our analysis has
shown thatSix1,which is normally co-expressed wiltyalin
pharyngeal arch mesenchyme, was markedly reduced in
Eyal’- embryos. Besides the defects detected in neural crest
mesenchyme of pharyngeal archeByal’~ mice show
multiple defects in cranial structures which are dependent on
neural crest, including lack of multiple cranial ganglia and
nerves, malformation of the skull, abnormal development of
eyelids, middle ear ossicles, multiple skeleton components and
other derivatives from the pharyngeal arches and pouches
(including the parafollicular cells), cleft secondary palate
formation, malformation of the tongue and heart (P-X. Xu,
unpublished). ThusEyal probably plays a critical role in
neural crest development. The neural crest defects seen in
Eyal’~ embryos may be caused by inappropriate cell
proliferation. Consistent with this view, no abnormal cell death
in both 3rd and 4th pharyngeal arches was observed.
Nonetheless, the neural crest defect detected in the pharyngeal
arches ofEyal’~ embryos could contribute to the defective
Fig. 8. TUNEL analysis of transverse sections through the formation of thymus and parathyroid.

pharyngeal region in wild-type arfigy/at’~embryos at E10.5. . . .

(A-C) Apoptotic cells were observed in the pharyngeal arches (a) anfd Pax-Eya-Six regulatory hierarchy in pharyngeal

pouches (p) in wild-type embryos. (D-F)Hyat’-embryos, there pouch endoderm

were more apoptotic cells in the proximal region of the 1st and 2nd SinceEyalis expressed in the 3rd pouch endoderm before the
arches (arrows in D,E, other data not shown). No significant changegitiation of thymus and parathyroid formation and our marker
of apoptotic cells were observed either in the neural crest gene analyses show that the expression Safl was
mesenchyme or the pouch endoderm in the 3rd and 4th pharyngealundetectable in th&yal’- pouch endoderm, indicating that

regions (E,F and other data not shown). Note that numerous 1al | le in th h endod our data al
apoptotic cells were detected in the surface ectoderm (se) of the 3rdEya alSo plays a role In the pouch endoderm. Our data also

(reflexed arrows in E,F) and 4th pharyngeal regions (data not shown?”gges'[ that similar to the otic and kidney induction (Xu et al.,
The panels below C and F are higher magnification of the boxed ~ 1999a) Eyalfunctions in an evolutionarily conserved cassette
areas. Dorsal or cranial is up. fg, pharyngeal region of foregut. downstream oPaxgenes and upstream ®ixgenes during the
development of pharyngeal pouch endoderm. It has been
shown that deletion oPax9 results in lack of 3rd and 4th
ectoderm including 3rd and 4th clefts Eyal’~ embryos pouches, while deletion dPaxl results in parathyroid and
(reflexed arrows, Fig. 8E,F and data not shown). This indicateeymus abnormalities at later stages (Dietrich and Gruss, 1995;
thatEyalis required for the pharyngeal ectodermal cell survivalWallin et al., 1996; Peters et al., 1998; Su et al., 2001). In
Eyal’- pouch endoderniax1and Pax9 expression was not
affected. We have also assayg@lexpression ifPax9mutant
DISCUSSION embryos and found no significant change&yd1expression
in thePax3deficient pharyngeal pouch endoderm at E9.5 (data
Development of the thymus, parathyroid and thyroid normallynot shown). AlthougiPaxlapparently does not compensate for
occurs between E10.5 and E15.5 of mouse embryogenesis.Rax9deficiency during embryonic parathyroid and thymus
the absence oEyal the failure of thymus and parathyroid formation, it is possible thatPaxl and Pax9 function
development occurs coincidently with the initial induction ofredundantly in the pharyngeal pouches and that a critical
organogenesis. Our data indicate tBghalis expressed and threshold of Pax1/Pax9 protein expression in pharyngeal
plays a role in the neural crest, endodermal and ectodermahdoderm regulatdsyalexpression. Such compensatory up-
cells that are required for the induction of thymus andegulation has been noted feaxlandPax9in the formation
parathyroid organogenesis. of other organs (Peters et al., 1999). Consistent with this
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genetic relationship betwedfax], Pax9 and Eyal, our data molecular pathway within the ectoderm, which may provide
suggest thaEyalalso functions downstream bfoxa3in the  inducing signals for the development of pouch endoderm. In
3rd and 4th pouch endoderiMoxa3expression is unaffected addition, our data indicate thaEyal is required for

in the 3rd and 4th pouch endodermbyfal mutant embryos, ectodermal cell survival. Thus, the thymic agenesis detected
and Pax1 and Pax9 expression is down-regulated Hoxa3 in Eyal’- animals may partly result from the defects in the
mutants, which also lack parathyroid and thymus developmemictoderm.

(Chisaka and Capecchi, 1991; Manley and Capecchi, 1995).

During parathyroid organogenesis, recent studies have showWwiyroid phenotype

thatHoxag3is required for the initiation dbcm2expression in - The thyroid phenotype observed fiyal mutants does not
the 3rd pouch endoderm and béthxa3andPaxlare required  occyr as early as the defects in the thymus and parathyroid
for the maintenance gscm2expression (Su et al., 2001) (S. gevelopment. AlthougfEyal mutant mice show reduction in
Ellis, J. Koushik, J. Gordon and N. R. Manley, unpublished)ine number of C cells in the thyroilyalis not required for
Our data indicate thaBcm2requiresEyal function for its  the differentiation of either C or follicular cells. Interestingly,
expression in the 3rd pouch endoderm before the formation @f ce|is are only observed in the persistent ultimobranchial
thymus/parathyroid primordia. Therefore, it is possible thapggies, while follicular cells are found in both the persistent
Gemz2 expression is regulated by theoxa3-Pax1/9-Eyal timobranchial bodies and the thyroid lobes, similar to the
pathway during parathyroid organogene§&smz2 expression phenotype observed ifloxa3 mutant mice (Manley and

is initiated normally at E9.5-10.5 iRax1single mutants (Su Capecchi, 1995; Manley and Capecchi, 1998).

etal.,, 2001). This could be the resulEgyfalexpression being Previous studies have shown tiRaix8is required for the
correctly initiated in the 3rd pouch endodermPax1single  gjfferentiation of thyroid follicular cells (Plachov et al., 1990;
mutants, similar to that seen Rax9single mutants (data not \jansouri et al., 1998). IRax8" mice, the ultimobranchial
shown). The genetic relationship betwégyaandPaxgenes podies form and calcitonin-positive C cells are identified,
may be pertinent in other developmental contexts, since bofhwever, both thyroglobulin and thyroperoxidase expression
EyalandPax9mutants exhibit related palate defects (Peters &fa5 not detected iBax8- ultimobranchial bodies (Mansouri
al., 1998), andPax9expression was unaffectediiyalmutant et a1, 1998), indicating that there are no follicular cells.
palatal shelve_s _(P.-X. Xu, unpubllshgd). We are in the processevious studies have also shown tRaks and Ttfl gene

of further clarifying the genetic relationship betwégxand  products cooperate to activate the expression of thyroglobulin

Eyalgenes by examining thieyalexpression in pharyngeal gene in the follicular cells (Pasca di Magoliano et al., 2000).
pouches and palatal shelvesRafx1/Pax&ouble mutants, and Interestingly, we have found thaPax8 expression is

. E14.5-15.5, when the thyroglobulin gene begins to be
The role of Eyal in the development of pharyngeal expressed (Lazzaro et al., 1991). This suggests that the

SL_‘”ace ect_oderm ) ] . ectopic expression ¢fax8may be required for the expression
SinceEyalis also expressed in the surface ectoderm, includingt  thyroglobulin  in the follicular cells of Eyat’-

that of the 2nd, 3rd and 4th clefts, and in the absenBgat  jiimobranchial bodies. Consistent with this, H&E stained
the surface ectoderm undergoes abnormal apoptosis, it WoWdctions oEyat’- persistent ultimobranchial bodies showed
apppear thatyal also plays a role in the development of the presence of colloid-containing follicles, indicating that
pharyngeal surface ectoderm. _ thyroglobulin is produced and secreted into the lumen of the
Previous studies have demonstrated the importance of thgijicles (data not shown). Sind&yalis not expressed in the
ectoderm in the thymus development. It has been suggestgfroid primordia at E10.5-14.5, it is possible that the defect
that most of the ectoderm is formed by the proliferation ofjetected in the thyroid lobe is due to the lack of fusion with
the 3rd cleft, which covers the endodermal part at arounghe yitimobranchial body.
E11.0 (Cordier and Haumont, 1980). In addition, the cervical | summary, our results suggest that the Eyal protein level
vesicle, formed by an invagination of the dorsal segment of, activity critically affects the development of the thymus,
the ectoderm between the 3rd and 4th pharyngeal clefts, alsgrathyroid and thyroid and thEtal controls critical early

contributes to the formation of the thymus (Cordier anqnquctive events that are required for the morphogenesis of

ectoderm of the 3rd and 4th clefts before it fuses with the

pouch endolderm, the endod'erm produces only a rudimentaryWe thank G. Carlson, K. Chiotti, and J. Gilchrist at McLaughlin
thymus, while the parathyroid and the ultimobranchial bodyzesearch Institute for help with the immunological analysigyafl
develop normally (Hammond, 1954). Foxnlmutant nude heterozygous mice and N. Manley for providiGgm2 and Foxnl
mice, the arrested development of the 3rd ectodermal cleftobes. This work was partly supported by NSF IBN-0078246 and
resulted in thymic dysgenesis, while the parathyroid developsiH P20RR 12345-02 (P-X. X.).

normally (Cordier and Haumond, 1980). It has been proposed
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