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SUMMARY
Fusion and hypoplasia of the first two branchial arches,
a defect typically observed in retinoic acid (RA)
embryopathy, is generated in cultured mouse embryos
upon treatment with BMS453, a synthetic compound that
exhibits retinoic acid receptor β (RARβ) agonistic
properties in transfected cells. By contrast, no branchial
arch defects are observed following treatment with
synthetic retinoids that exhibit RARα or RARγ agonistic
properties. The BMS453-induced branchial arch defects
are mediated through RAR activation, as they are similar
to those generated by a selective pan-RAR agonist, are
prevented by a selective pan-RAR antagonist and cannot
be mimicked by exposure to a pan-RXR agonist alone.
They are enhanced in the presence of a pan-RXR agonist,
and cannot be generated in Rarb-null embryos.
Furthermore,
they
are
accompanied,
in
the
morphologically altered region, by ectopic expression of

Rarb and of several other direct RA target genes.
Therefore, craniofacial abnormalities characteristic of the
RA embryopathy are mediated through ectopic activation
of RARβ/RXR heterodimers, in which the liganddependent activity of RXR is subordinated to that of
RARβ. Endodermal cells lining the first two branchial
arches respond to treatment with the RARβ agonist,
in contrast to neural crest cells and ectoderm, which
suggests that a faulty endodermal regionalization is
directly responsible for RA-induced branchial arch
dysmorphologies. Additionally, we provide the first in vivo
evidence that the synthetic RARβ agonist BMS453 exhibits
an antagonistic activity on the two other RAR isotypes.

INTRODUCTION

main functional units that transduce the retinoid signal during
development; and (4) transcriptional activation of both partners
in these heterodimers is often required to activate target genes
and to mediate the physiological effects of RA during
morphogenesis and organogenesis (reviewed by Kastner et al.,
1995; Mark et al., 1999; Kastner et al., 1997; Mascrez et al.,
1998; Mascrez et al., 2001).
RA is indispensable for early morphogenesis and for
organogenesis as these are dramatically disturbed when the
physiological level of RA is lowered (Niederreither et al.,
1999) and when RAR/RXR-mediated signalling pathways
are abrogated by genetic (see above) or pharmacological
approaches (Wendling et al., 2000; Wendling et al., 2001;
Schneider et al., 2001). However, RA is also a potent teratogen
that, at pharmacological concentrations, can induce congenital
defects in all vertebrate species as well as in certain
invertebrates (Soprano and Soprano, 1995; Collins and Mao,
1999; Escriva et al., 2002). In humans, oral intake of Accutane
(13-cis RA) during gastrulation and early organogenesis
(gestational weeks 2-5) results in a spectrum of malformations
referred to as retinoic acid embryopathy (RAE) (Lammer et al.,
1985).
An external ear malformation is the most frequent defect

Retinoic acids (RAs), the active metabolites of vitamin A, exert
their pleiotropic effects through binding to two families of
nuclear receptors, the retinoic acid receptors (RARs) and the
retinoid X receptors (RXRs), each family comprising three
isotypes (α, β and γ). Either all-trans or 9-cis RA activates
RARs, whereas only 9-cis RA activates RXRs. RARs and
RXRs function as ligand-dependent transregulators by binding,
in the form of RAR/RXR heterodimers, to RA response
elements (RARE) located in the regulatory regions of target
genes (reviewed by Chambon, 1996; Laudet and Gronemeyer,
2002). RXRs can also act as homodimers (at least in vitro), and
as heterodimerization partners for numerous nuclear receptors
in addition to RARs: thyroid hormone receptors, vitamin D3
receptor, peroxisome proliferator activated receptors and
several orphan receptors (reviewed by Mangelsdorf and Evans,
1995; Chambon, 1996). A systematic germline knockout
approach of RARs and RXRs in the mouse, performed over the
past 10 years, has demonstrated that: (1) RARs and RXRs are
required to mediate the developmental effects of RA; (2)
functional redundancies exist among the three RARs and
among the three RXRs; (3) RAR/RXRα heterodimers are the

Key words: Retinoic acid embryopathy, Synthetic retinoids, Nuclear
receptors, Embryo cultures, Endoderm, Branchial arches, Pharyngeal
pouches, Mouse, Synergy, Agonists, Antagonists, Teratogenicity

2084 N. Matt and others
observed in human RAE and in mammalian models of RAE
(Lammer et al., 1985; Webster et al., 1986; Wei et al., 1999).
The external ear and the other craniofacial components
commonly deficient in RAE syndromes, the mandible and the
middle ear (Lammer et al., 1985; Coberly et al., 1996; Mallo,
1997), originate from the first two branchial arches (BAs), the
first branchial cleft and the first pharyngeal pouch (Larsen,
1993). BAs are transient bulges of the embryonic surface that
flank the oral and pharyngeal cavities, and develop in a cranial
to caudal sequence. Each consists of a mesenchymal core
covered externally by ectoderm and lined internally by
endoderm. Grooves of the BA ectoderm (branchial clefts) and
evagination of the pharyngeal endoderm (pharyngeal pouches)
separate the BAs from one another. The mesenchyme of the
first two BAs is largely made of neural crest cells (NCC) that
have emigrated from the caudal midbrain and the anterior
hindbrain (Lumsden et al., 1991; Serbedzija et al., 1992).
Maternal exposure of mouse embryos to RA at embryonic day
(E) 8.0 results in fusion and hypoplasia of the first two BAs. It
has been assumed that such BA defects could account for
alterations of the external ear and mandible displayed at birth
by RA-exposed embryos, and that neural crest is the primary
target tissue of RA-induced teratogenesis in the BA region
(Goulding and Pratt, 1986; Webster et al., 1986; Pratt et al.,
1987; Lee et al., 1995; Wei et al., 1999).
The aim of the present study was to gain insights into the
cellular and molecular mechanisms underlying the RA-induced
BA defects and more specifically to: (1) evaluate the relative
contributions of RARs, RXRs and individual RAR isotypes
to the generation of these defects; and (2) characterize the
pathogenetic events underlying RA-induced teratogenesis. To
this end, we have analyzed the effects of various synthetic
agonistic and antagonistic retinoids on BA formation in wildtype and Rarb-null embryos in culture.
MATERIALS AND METHODS
Retinoids, embryo cultures and mouse lines
The synthetic agonist retinoids, selective for RARα (BMS753),
RARβ (BMS453), and RARγ (BMS961), the panRXR agonist
(BMS649, identical to SR11237) (Gendimenico et al., 1994), and the
panRAR antagonist BMS493 were gifts from Bristol-Myers Squibb
(Wallingford, CT). Their selectivity was assessed by transactivation
assays, direct binding assays (Chen et al., 1995; Gehin et al., 1999;
Germain et al., 2002) and, in the case of BMS493, an in vivo assay
(Wendling et al., 2000; Wendling et al., 2001). TTNPB (Strickland et
al., 1983) was purchased from TEBU (France).
Embryos collected at E8.0 (two- to four-somite stage) were cultured,
as described previously (Copp and Cockroft, 1990), for 12, 24, 30 or
48 hours. Retinoids were diluted in ethanol and added to the culture
medium to give a final concentration of 0.1% (vol/vol). In control
cultures, the ethanol vehicle was added at the same final dilution.
Mouse lines carrying the Rarb2-lacZ as well as the Rare-hsp68-lacZ
RA-reporter transgenes have been described previously (Mendelsohn
et al., 1991; Rossant et al., 1991). Rarb-null embryos were generated
from intercrosses between Rarb+/– mice and were genotyped at the end
of the culture, as described (Ghyselinck et al., 1997).
External morphology, histology, ink injection and in situ
hybridization
Cultured embryos were fixed in Bouin’s fluid for 5 hours, rapidly
rinsed in 70% ethanol and then in phosphate-buffered saline (PBS),

stained for 3 minutes in Acridine Orange (10 µg/ml in PBS, Sigma)
according to Zucker et al. (Zucker et al., 1995), and photographed.
Embryos were then post-fixed in Bouin’s fluid for 16 hours, and
processed for histology according to standard procedures. Staining for
β-galactosidase activity was carried out as described (Mendelsohn et
al., 1991). Embryos were post-fixed in 4% buffered paraformaldehyde
(PFA) for 16 hours at 4°C and processed for histology. To visualize
the aortic arches, embryos cultured for 48 hours were injected with
Pelikan Ink (number 17) via the yolk sac vasculature using a 1 mm
capillary tube, and then fixed in 4% PFA for 16 hours and cleared
according to Waldo et al. (Waldo et al., 1990).
For in situ hybridization, cultured embryos were fixed by 4% PFA
in PBS (1 hour; 4°C). The digoxigenin-labelled antisense riboprobes
were synthesized by T7 polymerase using Rarb (all isoforms)
(Ruberte et al., 1991), Hoxa1 (Duboule and Dollé, 1989), Hoxb1
(Frohman et al., 1990) and Pax1 (Deutsch et al., 1998) cDNA as
templates. Whole-mount in situ RNA hybridization was carried out as
described (Décimo et al., 1995), except that 100 mM maleic acid,
150 mM NaCl, 0.1% Tween 20 was used for the washes. In situ
hybridization was performed according to Myat et al. (Myat et al.,
1996) with the following modifications: 10 µm paraffin waxembedded sections were rehydrated in water and 120 µl of the heat
inactivated RNA probe (diluted 1/100 in hybridization buffer) was
applied on each slide. The anti-DIG antibody (Roche, Germany) was
diluted 1/2500 in blocking solution. Sections were incubated in
NBT/BCIP (the two substrates for alkaline phosphatase; Boehringer
Mannheim, Germany) for 48 hours, with one change of the staining
solution after 24 hours.

RESULTS
Embryos were collected at E8.0 (two- to four-somites stage),
i.e. about 12 hours prior to the appearance of the mandibular
component of the first BA (Kaufman, 1992), and cultured for
12, 24, 30 or 48 hours. In these cultures, the second and third
BAs were readily identifiable after 30 and 48 hours,
respectively, and the morphology of control embryos exposed
to ethanol (i.e. the retinoid vehicle) for 48 hours was similar to
that of E9.5 embryos developing in vivo (see, for example,
Fig. 1A, Fig. 2A and Fig. 4A-C) (Wendling et al., 2000).
The panRAR-selective agonist TTNPB and the
RARβ-selective agonist BMS453 induce identical
branchial arch defects
To determine whether RARs or RXRs are involved in fusion
and hypoplasia of the first two BAs (termed hereafter 12BAFH) induced by excess RA (Goulding and Pratt, 1986;
Webster et al., 1986), wild-type embryos were cultured in the
presence of either the panRAR-selective agonistic retinoid
TTNPB or the panRXR-selective agonistic rexinoid BMS649
(SR11237). Treatment with 5.10–9 M TTNPB (n=10 embryos)
induced malformations restricted to the first two BAs, which
were consistently smaller than in control embryos and fused
(compare B1 and B2 in Fig. 1A with B1-2 in Fig. 1B) instead
of separated by the first branchial cleft (arrowhead in Fig. 1A,
compare with Fig. 1B). By contrast, treatment with the rexinoid
BMS649 did not induce morphological alterations, even at a
concentration of 10–6 M (n=18; data not shown). A RARselective retinoid is therefore sufficient to induce the
teratogenic effects of RA on BA development, whereas a RXRselective retinoid (i.e. a rexinoid) has no effect on its own.
Wild-type embryos (n=95) cultured in the presence of
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Fig. 1. Effects of the panRAR-selective agonist TTNPB on branchial
arch development. Morphology of vehicle-treated (A) and TTNPBtreated (B) wild-type embryos after 48 hours in culture. B1-B3,
branchial arches 1 to 3, respectively; B1-2, fused first and second
branchial arches; H, heart; O, otocyst. Arrowhead indicates the first
branchial cleft.

10–7 M RARβ-selective agonist BMS453 reproducibly
displayed an external defect consisting of a 1-2BAFH
(compare B1 and B2 in Fig. 2A with B1-2 in Fig. 2B) with a
small or absent first branchial cleft (arrowhead in Fig. 2A,
compare with Fig. 2B). Variable degrees of fusion between the
first two BA arteries (i.e. the first and second aortic arches; A1
and A2 in Fig. 2C) were seen following injection of ink into
the embryonic vasculature (A1-2 in Fig. 2D), and on serial
histological sections (compare A1 and A2 in Fig. 2E with A12 in Fig. 2F). The first and second pharyngeal pouches were
markedly hypoplastic on flat mounts of isolated pharyngeal
endoderm (P1 and P2, compare Fig. 3G,I,K with Fig. 3H,J,L).
In situ hybridization with a Pax1 probe was used to investigate
pharyngeal pouch development. Similar to what is observed
during normal embryogenesis, vehicle-treated embryos

cultured for 12, 24 and 48 hours exhibited high levels of Pax1
expression in the walls of the forming first and second pouches,
but not in their most lateral region, which is close to the surface
ectoderm (P1 and P2, Fig. 3A,C,E,G,I,K) (Müller et al., 1996;
Dupé et al., 1999). In BMS453-treated embryos, Pax1 was
weakly expressed in the first and second pouches, and
sometimes expression was undetectable in the first pouch (P1
and P2, Fig. 3B,D,F,H,J,L). Moreover, these two pouches often
appeared to have fused together in embryos cultured for 48
hours (compare P1 and P2 in Fig. 3E with P1-2 in Fig. 3F). As
expression of Pax1 correlates with high levels of cell
proliferation in the pharyngeal endoderm (Müller et al., 1996),
our data suggest that 1-2BAFH and fusion of the corresponding
aortic arches may result from the growth failure of the first
pharyngeal pouch.
No alterations of the BAs, branchial clefts and pharyngeal
pouches were observed upon treatment of wild-type embryos
(n=15 in each group) with 10–7 M RARα-selective agonist
(BMS753) or RARγ-selective agonist (BMS961) (compare B1,
B2 and black arrowhead in Fig. 4B,E,H). However, both
BMS753 and BMS961 retinoids were active, as they induced
ectopic expression of an RA-inducible Rare-hsp68-lacZ
reporter transgene (Rossant et al., 1991; Ang et al., 1996) in
the frontonasal mass and in the tail, respectively (F and red
arrow in Fig. 4).
BMS453 and TTNPB at concentrations that consistently
induced 1-2BAFH in wild-type embryos (10–7 M and 5×10–9
M, respectively, see above), did not yield any abnormality in
Rarb-null embryos (n=10 in each group; Fig. 5B,D; compare
with Fig. 5A,C; data not shown). Altogether, these data
indicated that the teratogenic effects of retinoids on BAs were
specifically mediated by RARβ, provided that BMS453
actually acted as a bona fide retinoid in the embryo. To check
this latter point, we used transgenic embryos carrying a lacZ
gene controlled by the RA-inducible Rarb2 promoter sequence
(Rarb2-lacZ gene), which is active in some, but not all,
embryonic tissues expressing the endogenous Rarb gene
(Mendelsohn et al., 1991; Mendelsohn et al., 1994). In
vehicle-treated control embryos (n=11), expression
of the Rarb2-lacZ reporter was detected in the neural
tube from the caudal neuropore up to the seventh
rhombomere (R7, Fig. 6A). In embryos treated with
10–7 M BMS453 (n=9), this expression domain was
shifted anteriorly, reaching the boundary between the
third and the fourth rhombomeres (R3/R4 boundary;
R3-4; Fig. 6B) (Mendelsohn et al., 1994). Adjunction
to the culture medium of the panRAR-selective
Fig. 2. Effects on branchial arch development of the RARβ
agonist BMS453. External (A-D) and histological (E,F)
aspects of the pharyngeal region of wild-type embryos after
48 hours in culture without retinoid (vehicle; A,C,E) or in
the presence of the RARβ-selective agonist (B,D,F).
Embryos in C and D were injected with ink. Frontal
histological sections (E,F) were obtained from comparable
levels of the embryos. A1-A3, aortic arches 1 to 3,
respectively; A1-2 fused first and second aortic arches; B1B3, branchial arches 1 to 3, respectively; B1-2, fused first
and second branchial arches; D, dorsal aorta; H, heart; P1,
first pharyngeal pouch. White arrowhead (A) indicates the
first branchial cleft. Scale bar in F: 200 µm in E,F.
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Fig. 3. Effects on branchial pouch development of the RARβ agonist
BMS453. Embryos were hybridized with a Pax1 antisense probe
after 12, 24 and 48 hours in culture. (A,B) external views.
(C-F) Embryos cut sagittally into halves; the medial side of the right
half is displayed. (G-L) Ventral views of flat mounts from isolated
pharyngeal endoderm. B1-B3, branchial arches 1 to 3, respectively;
B1-2, fused first and second branchial arches; H, heart; O, otocyst;
P1-P3, pharyngeal pouches 1 to 3, respectively; P1-2, fused first and
second pharyngeal pouches; S, somites. A-F and G-L are displayed
at the same magnification.

antagonist BMS493 at 10–6 M prevented not only the BMS453induced ectopic expression of the Rarb2-lacZ transgene in the
R4 to R6 territory (n=6; Fig. 6C), but also the generation of the
1-2BAFH (compare B1-2 in Fig. 6B with B1 and B2 in
Fig. 6C). As expected, BMS493 also caused a general decrease
of Rarb2-lacZ expression (compare Fig. 6A with Fig. 6C)
(Wendling et al., 2000). These data indicate that the BMS453induced 1-2BAFH is causally related to the activation of an RA
signalling pathway.
Induction by BMS453 of ectopic RA signalling and
RARβ expression in rhombencephalic neurectoderm
and pharyngeal endoderm
To analyze tissue responsiveness to BMS453, we used embryos
harbouring the Rare-hsp68-lacZ reporter transgene, whose

Fig. 4. The RARα-selective (BMS753) and the RARγ-selective
(BMS961) agonists, induce ectopic expression of the Rare-hsp68lacZ transgene in the frontonasal mass and tail, respectively, without
altering branchial arch development. Ventral views (A,D,G) of wildtype embryos, and details of their pharyngeal (B,E,H) and caudal
(C,F,I) regions, after 48 hours in culture either without retinoid
(vehicle) or in the presence of isotype-selective RAR agonists. B1
and B2, branchial arches 1 and 2, respectively; F, frontonasal
process; H, heart. Arrowheads indicate the first branchial cleft and
red arrows point to the tips of the tails.

expression pattern closely matches the distribution of
endogenous RA, and which can be induced by exogenous RA
in all tissues from E7.5 to E10.5 (Rossant et al., 1991; Ang et
al., 1996). In control embryos (n=24), a robust expression of
Rare-hsp68-lacZ was observed in the neurectoderm up to the
R5/R6 boundary, whereas a weak β-galactosidase activity
was detected in R5, but not in more anterior rhombomeres
(Fig. 7A). Rare-hsp68-lacZ expression in the pharyngeal
endoderm was restricted to its caudal part (pE, Fig. 7C,E)
lining the presumptive third and fourth BAs. The anterior part
of the pharyngeal endoderm (aE, Fig. 7C,E), lining the first and
second BAs (B1 and B2, Fig. 7E) and forming the first
pharyngeal pouch (P1, Fig. 7E), did not express the transgene.
In embryos treated with 10–7 M BMS453 (n=16), Rare-hsp68lacZ expression was strongly increased in R5, and became
detectable in R4 (Fig. 7B). Concomitantly, a robust lacZ
expression was observed throughout the whole pharyngeal
endoderm (aE and pE, Fig. 7D,F), notably in the region lining
the fused branchial arches (B1-2, Fig. 7F). However, lacZ
expression was not induced in the ectoderm covering the first
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Fig. 5. Rarb-null embryos are resistant to BMS453-induced
teratogenic effects. External views (A,B) and frontal histological
sections (C,D) of the branchial arches of Rarb-null embryos after 48
hours in culture either without retinoid (vehicle) or in the presence of
BMS453. A1-A3 and B1-B3, aortic arches and branchial arches 1 to
3, respectively; P1, first pharyngeal pouch. Scale bar in D: 200 µm
for C,D.

two BAs (EC, Fig. 7E,F), in the mesenchyme (M1, M2 and
M1-2, Fig. 7E,F), or in the neural crest cells (NCCs), which,
after 24 hours in culture, are still migrating into the nascent
second BA (brackets, Fig. 7G,H). Note that treatment of Rarbnull embryos carrying the RARE-hsp68-lacZ transgene with
10–7 M BMS453 did not affect the pattern of lacZ expression
in the pharyngeal endoderm (aE, compare Fig. 7H with Fig.
G,I), or in the hindbrain (data not shown). These results
indicate that treatment with BMS453 specifically triggers
ectopic expression of an RA-inducible transgene in R4 and in
the endoderm of the first and second BAs.
Expression of Hoxa1 and Hoxb1 in the endoderm of the
primitive gut and in the hindbrain neurectoderm is under RA

control (Marshall et al., 1996; Wendling et al., 2000). In
vehicle-treated embryos, these genes were expressed in the
posterior part of the pharyngeal endoderm (pE, Fig. 8A,B) but
not in its anterior part (aE, Fig. 8A,B). In addition, Hoxb1 was
expressed in R4 (R4, Fig. 8B). Treatment with BMS453
induced strong, ectopic expression of both genes in the anterior
part of the pharyngeal endoderm (aE, Fig. 8C,D) in addition to
ectopic expression of Hoxb1 in the dorsal region of R3 (R3,
Fig. 8D). This ectopic transcriptional activation of RA-target
genes indicates that BMS453 triggers a RARβ-mediated RAsignalling pathway at a level along the anteroposterior body
axis corresponding to the first and second BAs.
Between E8.0 and E9.5, which corresponds to the
developmental period covered by our culture experiments,
RARβ transcripts are undetectable in the tissues of the first two
BAs and in the neural crest cells from which the BA
mesenchyme originates (Ruberte et al., 1991; Mollard et al.,
2000). However, the RARβ promoter, which contains a
functional RARE (de Thé et al., 1990), can be activated in
various embryonic tissues upon exposure to pharmacological
doses of retinoids (Harnish et al., 1990; Mendelsohn et al.,
1991; Osumi-Yamashita et al., 1992). We therefore assumed
that the generation of 1-2BAFH could be accounted for by
ectopic activation of a RARβ-mediated signalling pathway. In
control embryos (n=8), RARβ transcripts were detected in the
caudal rhombencephalon up to R6 (Fig. 9A), as well as in the
posterior part of the pharyngeal endoderm (pE, Fig. 9C). By
contrast, RARβ transcripts were absent from R5 and more
anterior rhombomeres (Fig. 9A), as well as from the anterior
part of the pharyngeal endoderm (aE, Fig. 9C). Upon treatment
with 10–7 M BMS453 (n=8), the RARβ expression domain was
shifted anteriorly, now encompassing R4 and R5 (Fig. 9B), as
well as the anterior part of the pharyngeal endoderm (aE,
Fig. 9D). Thus, altogether these findings demonstrate that
the RARβ-specific agonist BMS453 can induce ectopic
expression of RARβ and of other RA-target genes along the
neuroectodermal and endodermal territories located at a level
along the anteroposterior body axis where BMS453-induced
developmental defects are occurring.
The RARβ agonist BMS453 synergizes with the
panRXR agonist BMS649 and antagonizes other
RAR isotypes
Embryos cultured in the presence of BMS453 at 10–8 M (n=32)
were undistinguishable from controls (compare A1-A3, P1 and
arrowhead in Fig. 10A and Fig. 2E) and, as already mentioned
above, exposure to the panRXR agonist BMS649 at 10–6 M
(n=18) did not yield embryonic defects (compare A1-A3, P1
and arrowhead in Fig. 10B and Fig. 2E). By contrast, all
embryos treated with a combination of 10–8 M BMS453
and 10–6 M BMS649 (n=22) displayed 1-2BAFH, as
Fig. 6. BMS453-induced branchial arch defects and ectopic
activation of the RARβ2 promoter are prevented by the
panRAR-selective antagonist BMS493. Embryos carrying the
Rarb2-lacZ transgene in a wild-type genetic background were
cultured for 48 hours. B1-B3, branchial arches 1 to 3,
respectively; B1-2, fused first and second branchial arches;
O, otocyst; R7, rhombomere 7; R3/R4, boundary between
rhombomeres 3 and 4. Arrowheads indicate the first branchial
cleft.
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Fig. 8. Expression of Hoxa1 and Hoxb1 in vehicle-treated and
BMS453-treated wild-type embryos after 24 hours in culture. All
embryos were cut sagittally into halves and the medial side of the
right half is displayed. aE and pE, anterior and posterior parts of the
pharyngeal endoderm, respectively; F, frontonasal process; R3 and
R4, rhombomeres 3 and 4, respectively.

Fig. 7. Expression of lacZ in vehicle-treated and BMS453-treated
embryos carrying the Rare-hsp68-lacZ transgene in a wild-type (WT;
A,H) and in an Rarb-null (Rarb–/–; I) genetic background, after 24
hours (A-D,G-I) or 30 hours (E,F) in culture. (A,B) Dorsal views of
intact embryos. (C,D) Embryos cut sagittally into halves; the medial
side of the right half is displayed. (E,F) Frontal histological sections
through the pharynx. (G-I) Lateral views of intact embryos. Brackets
(G-I) indicate the putative localization of migrating NCCs destined to
the second BA. B1-B2 and M1-M2, branchial arches 1 and 2, and
their mesenchyme, respectively; B1-2 and M1-2, fused first and
second branchial arches and their mesenchyme, respectively; aE and
pE, anterior and posterior regions of the pharyngeal endoderm,
respectively; EC, ectoderm; F, frontonasal process; H, heart;
O, otocyst; P1, first pharyngeal pouch; R2-R5, rhombomeres 2 to 5,
respectively. Scale bar in F: 100 µm for E,F.

well as a fusion of the corresponding aortic arches (A1-2 in
Fig. 10C; data not shown). Therefore, non-teratogenic
concentrations of BMS649 and BMS453 can synergistically
induce malformations generated by a teratogenic concentration
of BMS453 on its own (compare A1-2 in Fig. 10C and Fig.
2F).
Treatment with BMS453 not only caused ectopic activation
of RARβ signalling in R4 (Fig. 6B, Fig. 7B, Fig. 9B) and in
the anterior part of the pharyngeal endoderm (aE, Fig. 7D,F,H,
Fig. 8C,D, Fig. 9D, Fig. 11B), but also consistently induced a

decrease of Rare-hsp68-lacZ expression in the frontonasal
mass (F) and tail (T) of the embryo (compare Fig. 7G with Fig.
7H, and Fig. 11A,D,G with Fig. 11B,E,H). On histological
sections, this decreased expression was seen: (1) in the
forebrain (FO), optic vesicle (OV) and the mesenchyme (M)
surrounding them (compare Fig. 11D and E); and (2) in the tail
tissues (T) except for the mesonephric duct (D, compare
Fig. 11A and B; data not shown). However, it is noteworthy
that all these tissues can respond to an activation of RAR
signalling as both RA (Rossant et al., 1991) and TTNPB
increased their Rare-hsp68-lacZ transgene expression
(compare Fig. 11A,D,G with Fig. 11C,F,I). Furthermore, the
BMS453-induced decrease of Rare-hsp68-lacZ expression was
clearly not mediated by RARβ as it was also observed in Rarbnull embryos treated with BMS453 (compare F in Fig. 7H,I;
data not shown). Altogether, these results indicate that
BMS453, aside from its RARβ agonistic properties, can
antagonize signalling pathways mediated by the other RARs in
vivo, namely RARα and/or RARγ (see Discussion below).
DISCUSSION
Treatment of embryos with retinoids (retinol or RA) induces
multiple malformations, the nature and spectrum of which
depend both on the dose and on the developmental stage at the
time of exposure (reviewed by Soprano and Soprano, 1995;
Collins and Mao, 1999). Evidence that teratogenic effects of
retinoids are receptor mediated has been inferred: (1) from
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Fig. 10. Synergistic effects of the RARβ agonist BMS453 and of the
panRXR-selective agonist BMS649. Frontal histological sections are
from comparable levels of wild-type embryos after 48 hours in
culture. A1-A3, aortic arches 1 to 3, respectively; A1-A2 fused first
and second aortic arches; P1, first pharyngeal pouch. Arrowhead
indicates the first branchial cleft. Scale bar in A: 200 µm for A-C.

development is mediated by RARβ/RXR heterodimers, in
which the activity of RXR is subordinated to that of RARβ,
and also show that the primary target tissue of RA-induced
teratogenicity is most probably the branchial arch (BA)
endoderm. In addition, we provide the first in vivo evidence
that an RARβ-selective agonist can also antagonize RARα and
RARγ isotypes.

Fig. 9. Distribution of mRARβ transcripts in vehicle-treated and
BMS453-treated wild-type embryos after 24 hours in culture.
(A,B) Frontal histological sections through the rhombencephalon.
(C,D) Embryos hybridized in toto with the mRARβ probe cut
sagittally into halves; the left medial side is displayed. aE and pE,
anterior and posterior parts of the pharyngeal endoderm,
respectively; F, frontonasal process; H, heart; O, otocyst; R4-R7,
rhombomeres 4 to 7, respectively. Scale bar in B: 150 µm for A,B.

comparison of the teratogenic potency of synthetic retinoids
and their ability to activate their cognate receptors; and (2)
from RA treatment of animals overexpressing or carrying
null mutations of retinoid receptors. First, it has been shown
that synthetic retinoids that are unable to activate RARs
are non-teratogenic (Kochhar et al., 1996), whereas RAR
isotype-selective retinoids produce a distinct spectrum of
defects (Elmazar et al., 1996; Arafa et al., 2000). Second,
overexpression of RARγ in Xenopus embryos potentiates the
RA-induced loss of cranial structures, whereas expression of a
dominant-negative form of RARs results in a resistance to RAinduced malformations (Old et al., 1996; Blumberg et al.,
1997; van der Wees et al., 1998). Along the same lines, both
Rarg- and Rxra-null mouse embryos are resistant to some RAinduced malformations (Lohnes et al., 1993; Iulianella and
Lohnes, 1997; Sucov et al., 1995; Nugent et al., 1999).
RARα/RXR heterodimers could participate in RA-induced
teratogenesis, as the frequency and/or severity of some
morphological defects is increased by co-administration of an
RARα-selective and an RXR-selective agonist (Lu et al., 1997;
Elmazar et al., 1997; Elmazar et al., 2001). In the present study,
we show that a characteristic RA-induced defect of craniofacial

RARβ/RXR heterodimers mediate teratogenic effects
of RA in the branchial region of the head
We show that the fusion and hypoplasia of the first two BAs
(1-2BAFH), which results from RA administration at a
developmental stage equivalent to E8.0 in the mouse (Webster
et al., 1986; Goulding and Pratt, 1986; Lee et al., 1995; Wei
et al., 1999), can also be generated by treatment with the
panRAR-selective agonist TTNPB. Furthermore, TTNPBinduced 1-2BAFH is not observed in Rarb-null embryos, and
can be mimicked in wild-type embryos by treatment with the
RARβ-selective agonist BMS453 but not with an RARαselective or RARγ-selective agonist. These findings strongly
support the conclusion that abnormal activation of RARβ
signalling is both necessary and sufficient to induce the typical
early teratogenic effect induced by RA administration at E8.0.
External and middle ears derive from the first branchial cleft
ectoderm, the first pharyngeal pouch endoderm and the
mesenchyme located at the interface between the first and
second BAs, whereas mandibular bone differentiates from the
first BA mesenchyme (Larsen, 1993). Thus, ear and mandible
deficiencies that, in human newborns, are hallmarks of RAE
(Lammer et al., 1985; Coberly et al., 1996), could be
accounted for by an abnormal activation of RARβ signalling
during the fourth week of pregnancy (equivalent to E8.0 in the
mouse).
In cultured cells, RAR- and RXR-selective agonists act
synergistically to promote cell proliferation, differentiation or
apoptosis through transactivation of RA-responsive genes.
Moreover, the ligand-bound RXR is transcriptionally active
only if its RAR partner is also ligand-bound (the so-called
RXR subordination) (Lotan et al., 1995; Roy et al., 1995; Horn
et al., 1996; Taneja et al., 1996; Botling et al., 1997; Chiba et
al., 1997; Minucci et al., 1997; Altucci and Gronemeyer, 2001).
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Fig. 11. Treatment with the RARβ agonist BMS453 decreases RA
signalling in the frontonasal process and tail. External views (A-C,GI) and frontal histological sections (D-F) of embryos carrying the
Rare-hsp68-lacZ transgene in a wild-type genetic background.
Transgenic embryos were cultured for 24 hours (G-I) or 30 hours
(A-F) in the presence of vehicle (A,D,G), BMS453 (B,E,H) and the
panRAR-selective agonist TTNPB (C,F,I). aE, anterior part of the
pharyngeal endoderm; F, frontonasal process; FO, forebrain; D,
mesonephric duct; G, foregut; H, heart; M, mesenchyme of the
frontonasal process; OV, optic vesicle; SC, spinal cord; T, tail. Scale
bar in F: 400 µm for D-F.

Along the same lines, RXR-selective ligands, which are
inactive on their own, synergize in vivo with RARα- and
RARγ-selective ligands to generate congenital malformations
(Kochhar et al., 1996; Lu et al., 1997; Elmazar et al., 1996;
Elmazar et al., 1997; Elmazar et al., 2001). In our experiments,
the panRXR agonist BMS649 (SR11237) had no effect on its
own, indicating that neither RXR homodimers, nor other
heterodimers in which the RXR partner is transcriptionally
active on its own, mediate the teratogenic effects of retinoids
on the branchial region. However, the RXR-selective ligand
can reveal the dysmorphogenetic effects of the RARβ agonist
at a concentration that, on its own, is not teratogenic. Thus,
retinoid-induced teratogenesis of BAs is mediated through
ectopic activation of RARβ/RXR heterodimers, in which the
ligand-dependent activity of RXR is subordinated to that of its
ligand-bound RARβ partner.
The pharyngeal endoderm is a primary target tissue
of RA-induced teratogenesis
Because of the multiplicity and complexity of malformations

induced upon exposure to RA, target tissues of RA-induced
teratogenicity are difficult to identify. Several observations
have suggested that the cranial neural crest represents such a
target tissue. First, almost all the structures that are malformed
in human RAE are derived from neural crest cells (NCCs)
migrating through BAs (Larsen, 1993). Second, analyses of
animal models indicate that excess RA can alter NCC survival
and migration. For example, NCC apoptosis that occurs as a
result of RA administration to mouse embryos is a probable
cause of the craniofacial defects observed in newborns (Sulik
et al., 1988; Alles and Sulik, 1992). Along the same lines,
aberrant NCC migration after RA treatment has been correlated
with hypoplasia of the first BA in rat embryos (Lee et al.,
1995).
Thus, RAE apparently meets the criteria for a
neurocristopathy, i.e. ‘a condition arising from aberrations of
the early migration, growth and differentiation of NCCs’
(Bolande, 1997). However, retinoid-induced fusion of the first
and second BA occurs without alterations of NCC migration
or apoptosis (Lee et al., 1995). Moreover, we show that NCCs
contributing to the first two BAs do not express a retinoidresponsive transgene upon treatment with BMS453. Therefore,
under our experimental conditions, NCCs are not the primary
targets of retinoid-induced teratogenicity. Interestingly, recent
evidence also indicates that NCCs may not respond directly
to RA under physiological conditions (Dupé et al., 1999;
Wendling et al., 2000; Iulianella and Lohnes, 2002; Jiang et al.,
2002).
By contrast, treatment with BMS453 disrupts the
development of the first two pharyngeal pouches and triggers
ectopic RARβ-dependent RA signalling in the endoderm
lining the first two BAs, manifested by the rostral shift of the
expression domains of RA-responsive genes (i.e. the Rarehsp68-lacZ reporter, the Rarb gene, the Hoxa1 and Hoxb1
genes). Hox gene expression probably plays an important role
in anteroposterior regionalization of the pharyngeal endoderm
(Mulder et al., 1998; Manley and Capecchi, 1998; Wendling
et al., 2000), which can be set up even in the absence of NCCs
(Veitch et al., 1999; Gavalas et al., 2001; Escriva et al., 2002;
Graham and Smith, 2001). Conversely, pharyngeal endoderm
plays a seminal role in the formation of BAs, through
imparting patterning information to NCCs (Couly et al.,
2002), as well as to ectodermal cells (Begbie et al., 1999).
In our BMS453-treated embryos, impaired development of
the first pharyngeal pouch probably occurs as a direct
consequence of improper regionalization of the pharyngeal
endoderm. As BA segmentation cannot proceed without
pharyngeal pouches (Piotrowski and Nusslein-Volhard, 2000),
the growth failure of the first pouch might account for the
fusion of the first two BAs in embryos exposed to retinoids at
a developmental stage equivalent to mouse E8.0. Interestingly,
treating E9.0 mouse embryos with RA leads to disruption of
the third pharyngeal pouch and branchial cleft, along with a
fusion of the third and fourth BAs, which is accompanied by
a marked increase of Hoxa3 expression in the pharyngeal
endoderm (Mulder et al., 1998). These data and our present
findings support the view that craniofacial, thymic and
cardiovascular defects observed in RAE, as well as in
genetically determined neurocristopathies (Jerome and
Papaioannou, 2001), can all result from an abnormal function
of the pharyngeal endoderm.
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BMS453 acts in vivo as an RARβ-selective agonist
displaying RARα- and RARγ-selective antagonistic
properties
Retinoids (notably RA) are widely used in cancer
chemoprevention, as well as for treating oncological and
dermatological diseases (Lotan, 1996; Nason-Burchenal
and Dmitrovsky, 1999). However, undesirable side-effects,
including toxicity and teratogenicity, are observed upon
treatment with RA, most probably because of the panRAR and
panRXR agonistic activity of RA (Orfanos et al., 1987). The
use of synthetic agonists that selectively interact with given
receptor isotypes is expected to reduce such side-effects. In situ
hybridization analyses (Ruberte et al., 1991) have established
that the three RARs display distinct expression profiles at E8.5
(i.e. just a few hours earlier than the developmental stage
illustrated in Figs 7 and 11). During this time period, both
neurectoderm and mesenchyme of the head region strongly
express RARα, whereas the tail tissues strongly express RARγ.
RARβ transcripts are present in trunk tissues and in
mesonephric duct, but are not detectable in the forebrain and
tail regions. The overlap between (1) the expression domains
of RARα, β and γ during normal embryonic development, and
(2) the distribution of responsive cells in RARα-selective
agonist BMS753-, RARβ-selective agonist BMS453- and
RARγ-selective agonist BMS961-treated embryos indicates
that RA signals are transduced preferentially by RARα in
tissues of the embryonic head, by RARβ in tissues of the
embryonic neck, and by RARγ in tissues of the embryonic tail.
Interestingly, BMS453-induced ectopic activation of retinoid
signalling in the hindbrain and BA endoderm is accompanied
by a decrease of signalling in the forebrain and tail regions
(Fig. 11). A similar decrease is observed in the forebrain and
tail regions upon treatment with a panRAR antagonist
(Wendling et al., 2000), as well as in embryos carrying a
null mutation of the RA-generating enzyme RALDH2
(Niederreither et al., 1999). Therefore, this decrease results
from a block in RA signalling and not from a toxic effect of
BMS453, which definitely acts, in vivo, as a bona fide RARβselective agonist displaying an RARα and RARγ antagonistic
activity. This is in keeping with data obtained in vitro in stably
transfected cells (Chen et al., 1995).
Interestingly, anteriorization of RARβ expression triggered
by BMS453 has to be mediated by RARβ itself and not by
other RARs as: (1) BMS453 antagonizes RARα and RARγ
signalling in the embryo; and (2) treatment of RARβ-null
embryos carrying the Rare-hsp68-lacZ transgene with
BMS453 does not affect the pattern of lacZ expression in the
pharyngeal endoderm (Fig. 7). Thus, even though the levels of
RARβ transcripts are below the threshold for detection in the
anterior pharyngeal endoderm (Fig. 9), RARβ has to be present
in this region where it can induce its own promoter if activated
by a ligand. This observation is in keeping with data obtained
from cultured cells (Roy et al., 1995; Taneja et al., 1996; Chiba
et al., 1997). Many pre-malignant and malignant cells exhibit
a reduced RARβ expression (Sun et al., 2000), whereas forcedrecovered expression of RARβ in breast cancer cells restores
RA-induced growth arrest and apoptosis (Seewaldt et al.,
1995). As the RARβ-selective agonist BMS453 does not
activate RARα and RARγ, it could be less toxic than RA, and
therefore of therapeutic value in the treatment of cancers
characterized by reduced RARβ expression.

We thank P. Reczek and C. Zusi for the gift of synthetic retinoids,
and C. Dennefeld, I. Tilly, B. Weber, B. Féret, G. Kimmich, M. C.
Hummel and the animal facility staff for technical assistance. This
work was supported by funds from the Centre National de la
Recherche Scientifique (CNRS), the Institut National de la Santé et
de la Recherche Médicale (INSERM), the Hôpital Universitaire de
Strasbourg, the Collège de France, the Institut Universitaire de France,
the Association pour la Recherche sur le Cancer (ARC) and BristolMyers Squibb. N.M. was supported by a Ministère de l’Education
Nationale et de la Recherche fellowship.

REFERENCES
Alles, A. J. and Sulik, K. K. (1992). Pathogenesis of retinoid-induced
hindbrain malformations in an experimental model. Clin. Dysmorphol. 1,
187-200.
Altucci, L. and Gronemeyer, H. (2001). The promise of retinoids to fight
against cancer. Nat. Rev. Cancer. 1, 181-193.
Ang, H. L., Deltour, L., Hayamizu, T. F., Zgombic-Knight, M. and Duester,
G. (1996). Retinoic acid synthesis in mouse embryos during gastrulation
and craniofacial development linked to class IV alcohol dehydrogenase gene
expression. J. Biol. Chem. 271, 9526-9534.
Arafa, H. M., Elmazar, M. M., Hamada, F. M., Reichert, U., Shroot, B.
and Nau, H. (2000). Selective agonists of retinoic acid receptors:
comparative toxicokinetics and embryonic exposure. Arch. Toxicol. 73, 547556.
Begbie, J., Brunet, J. F., Rubenstein, J. L. and Graham, A. (1999).
Induction of the epibranchial placodes. Development 126, 895-902.
Blumberg, B., Bolado, J., Moreno, T. A., Kintner, C., Evans, R. M. and
Papalopulu, N. (1997). An essential role for retinoid signaling in
anteroposterior neural patterning. Development 124, 373-379.
Bolande, R. P. (1997). Neurocristopathy: its growth and development in 20
years. Pediatr. Pathol. Lab. Med. 17, 1-25.
Botling, J., Castro, D. S., Oberg, F., Nilsson, K. and Perlmann, T. (1997).
Retinoic acid receptor/retinoid X receptor heterodimers can be activated
through both subunits providing a basis for synergistic transactivation and
cellular differentiation. J. Biol. Chem. 272, 9443-9449.
Chambon, P. (1996). A decade of molecular biology of retinoic acid receptors.
FASEB J. 10, 940-954.
Chen, J. Y., Penco, S., Ostrowski, J., Balaguer, P., Pons, M., Starrett, J. E.,
Reczek, P., Chambon, P. and Gronemeyer, H. (1995). RAR-specific
agonist/antagonists which dissociate transactivation and AP1
transrepression inhibit anchorage-independent cell proliferation. EMBO J.
14, 1187-1197.
Chiba, H., Clifford, J., Metzger, D. and Chambon, P. (1997). Distinct
retinoid X receptor-retinoic acid receptor heterodimers are differentially
involved in the control of expression of retinoid target genes in F9
embryonal carcinoma cells. Mol. Cell. Biol. 17, 3013-3020.
Coberly, S., Lammer, E. and Alashari, M. (1996). Retinoic acid
embryopathy: case report and review of literature. Pediatr. Pathol. Lab. Med.
16, 823-836.
Collins, M. D. and Mao, G. E. (1999). Teratology of retinoids. Annu. Rev.
Pharmacol. Toxicol. 39, 399-430.
Copp, A. J. and Cockroft, D. I. (1990). Dissection and culture of
postimplantation embryos. In Post-implantation Mammalian Embryos: A
Practical Approach (ed. D. Rickwood and B. D. Hames), pp. 15-40. New
York: Oxford University Press.
Couly, G., Creuzet, S., Bennaceur, S., Vincent, C. and Le Douarin, N. M.
(2002). Interactions between Hox-negative cephalic neural crest cells and
the foregut endoderm in patterning the facial skeleton in the vertebrate head.
Development 129, 1061-1073.
de Thé, H., Vivanco-Ruiz, M. M., Tiollais, P., Stunnenberg, H. and Dejean,
A. (1990). Identification of a retinoic acid responsive element in the retinoic
acid receptor beta gene. Nature 343, 177-180.
Décimo, D., Georges-Labouesse, E. and Dollé, P. (1995). In situ
hybridization to cellular RNA. In Gene Probes: A Practical Approach. Vol.
2 (ed. B. D. Hames and S. J. Higgins), pp. 183-210. New York: Oxford
University Press.
Deutsch, U., Dressler, G. R. and Gruss, P. (1988). Pax 1, a member of a
paired box homologous murine gene family, is expressed in segmented
structures during development. Cell 53, 617-625.

2092 N. Matt and others
Duboule, D. and Dollé, P. (1989). The structural and functional organization
of the murine HOX gene family resembles that of Drosophila homeotic
genes. EMBO J. 8, 1497-1505.
Dupé, V., Ghyselinck, N. B., Wendling, O., Chambon, P. and Mark, M.
(1999). Key roles of retinoic acid receptors alpha and beta in the patterning
of the caudal hindbrain, pharyngeal arches and otocyst in the mouse.
Development 126, 5051-5059.
Elmazar, M. M., Reichert, U., Shroot, B. and Nau, H. (1996). Pattern of
retinoid-induced teratogenic effects: possible relationship with relative
selectivity for nuclear retinoid receptors RAR alpha, RAR beta, and RAR
gamma. Teratology 53, 158-167.
Elmazar, M. M., Ruhl, R., Reichert, U., Shroot, B. and Nau, H. (1997).
RARalpha-mediated teratogenicity in mice is potentiated by an RXR agonist
and reduced by an RAR antagonist: dissection of retinoid receptor-induced
pathways. Toxicol. Appl. Pharmacol. 146, 21-28.
Elmazar, M. M., Ruhl, R. and Nau, H. (2001). Synergistic teratogenic effects
induced by retinoids in mice by coadministration of a RARα- or RARγselective agonist with a RXR-selective agonist. Toxicol. Appl. Pharmacol.
170, 2-9.
Escriva, H., Holland, N. D., Gronemeyer, H., Laudet, V. and Holland, L.
Z. (2002). The retinoic acid signaling pathway regulates anterior/posterior
patterning in the nerve cord and pharynx of amphioxus, a chordate lacking
neural crest. Development 129, 2905-2916.
Frohman, M. A., Boyle, M. and Martin, G. R. (1990). Isolation of the mouse
Hox-2.9 gene; analysis of embryonic expression suggests that positional
information along the anterior-posterior axis is specified by mesoderm.
Development 110, 589-607.
Gavalas, A., Trainor, P., Ariza-McNaughton, L. and Krumlauf, R. (2001).
Synergy between Hoxa1 and Hoxb1: the relationship between arch
patterning and the generation of cranial neural crest. Development 128,
3017-3027.
Gehin, M., Vivat, V., Wurtz, J. M., Losson, R., Chambon, P., Moras, D.
and Gronemeyer, H. (1999). Structural basis for engineering of retinoic
acid receptor isotype-selective agonists and antagonists. Chem. Biol. 6, 519529.
Gendimenico, G. J., Stim, T. B., Corbo, M., Janssen, B. and Mezick, J. A.
(1994). A pleiotropic response is induced in F9 embryonal carcinoma cells
and rhino mouse skin by all-trans-retinoic acid, a RAR agonist but not by
SR11237, a RXR-selective agonist. J. Invest. Dermatol. 102, 676-680.
Germain, P., Iyer, J., Zechel, C. and Gronemeyer, H. (2002). Co-regulator
recruitment and the mechanism of retinoic acid receptor synergy. Nature
415, 187-192.
Ghyselinck, N. B., Dupé, V., Dierich, A., Messaddeq, N., Garnier, J. M.,
Rochette-Egly, C., Chambon, P. and Mark, M. (1997). Role of the
retinoic acid receptor beta (RARβ) during mouse development. Int. J. Dev.
Biol. 41, 425-447.
Goulding, E. H. and Pratt, R. M. (1986). Isotertinoin teratogenicity in mouse
whole embryo culture. J. Craniofac. Genet. Dev. Biol. 6, 99-112.
Graham, A. and Smith, A. (2001). Patterning the pharyngeal arches.
BioEssays 23, 54-61.
Harnish, D. C., Barua, A. B., Soprano, K. J. and Soprano, D. R. (1990).
Induction of beta-retinoic acid receptor mRNA by teratogenic doses of
retinoids in murine fetuses. Differentiation 45, 103-108.
Horn, V., Minucci, S., Ogryzko, V. V., Adamson, E. D., Howard, B. H.,
Levin, A. A. and Ozato, K. (1996). RAR and RXR selective ligands
cooperatively induce apoptosis and neuronal differentiation in P19
embryonal carcinoma cells. FASEB J. 10, 1071-1077.
Iulianella, A. and Lohnes, D. (1997). Contribution of retinoic acid receptor
gamma to retinoid-induced craniofacial and axial defects. Dev. Dyn. 209,
92-104.
Iulianella, A. and Lohnes, D. (2002). Chimeric analysis of retinoic acid
receptor function during cardiac looping. Dev. Biol. 247, 62-75.
Jerome, L. A. and Papaioannou, V. E. (2001). DiGeorge syndrome
phenotype in mice mutant for the T-box gene, Tbx1. Nat. Genet. 27, 286291.
Jiang, X., Choudhary, B., Merki, E., Chien, K., Maxson, R. and Sucov,
H. (2002). Normal fate and altered function of the cardiac neural crest
cell lineage in retinoic acid receptor mutant embryos. Mech. Dev. 117,
115-122.
Kastner, P., Mark, M. and Chambon, P. (1995). Nonsteroid nuclear
receptors: what are genetic studies telling us about their role in real life. Cell
83, 859-869.
Kastner, P., Mark, M., Ghyselinck, N., Krezel, W., Dupé, V., Grondona, J.
M. and Chambon, P. (1997). Genetic evidence that the retinoid signal is

transduced by heterodimeric RXR/RAR functional units during mouse
development. Development 124, 313-326.
Kaufman, M. H. (1992). The atlas of mouse development. London: Academic
Press.
Kochhar, D. M., Jiang, H., Penner, J. D., Beard, R. L. and Chandraratna,
A. S. (1996). Differential teratogenic response of mouse embryos to receptor
selective analogs of retinoic acid. Chem. Biol. Interact. 100, 1-12.
Lammer, E. J., Chen, D. T., Hoar, R. M., Agnish, N. D., Benke, P. J., Braun,
J. T., Curry, C. J., Fernhoff, P. M., Grix, A. W., Lott, I. T. et al. (1985).
Retinoic acid embryopathy. New Engl. J. Med. 313, 837-841.
Larsen, W. J. (1993). Human Embryology. New York: Churchill Livingstone.
Laudet, V. and Gronemeyer, H. (2002). The Nuclear Receptor Facts Book.
San Diego: Academic Press.
Lee, Y. M., Osumi-Yamashita, N., Ninomiya, Y., Moon, C. K., Eriksson,
U. and Eto, K. (1995). Retinoic acid stage-dependently alters the migration
pattern and identity of hindbrain neural crest cells. Development 121, 825837.
Lohnes, D., Kastner, P., Dierich, A., Mark, M., LeMeur, M. and Chambon,
P. (1993). Function of retinoic acid receptor gamma in the mouse. Cell 73,
643-658.
Lotan, R. (1996). Retinoids in cancer chemoprevention. FASEB J. 10, 10311039.
Lotan, R., Dawson, M. I., Zou, C. C., Jong, L., Lotan, D. and Zou, C. P.
(1995). Enhanced efficacy of combinations of retinoic acid- and retinoid X
receptor-selective retinoids and alpha-interferon in inhibition of cervical
carcinoma cell proliferation. Cancer Res. 55, 232-236.
Lu, H. C., Eichele, G. and Thaller, C. (1997). Ligand-bound RXR can
mediate retinoid signal transduction during embryogenesis. Development
124, 195-203.
Lumsden, A., Sprawson, N. and Graham, A. (1991). Segmental origin and
migration of neural crest cells in the hindbrain region of the chick embryo.
Development 113, 1281-1291.
Mallo, M. (1997). Retinoic acid disturbs mouse middle ear development in a
stage-dependent fashion. Dev. Biol. 184, 175-186.
Mangelsdorf, D. J. and Evans, R. M. (1995). The RXR heterodimers and
orphan receptors. Cell 83, 841-850.
Manley, N. R. and Capecchi, M. R. (1998). Hox group 3 paralogs regulate
the development and migration of the thymus, thyroid, and parathyroid
glands. Dev. Biol. 195, 1-15.
Mark, M., Ghyselinck, N. B., Wendling, O., Dupé, V., Mascrez, B.,
Kastner, P. and Chambon, P. (1999). A genetic dissection of the retinoid
signalling pathway in the mouse. Proc. Nutr. Soc. 58, 609-613.
Marshall, H., Morrison, A., Studer, M., Popperl, H. and Krumlauf, R.
(1996). Retinoids and Hox genes. FASEB J. 10, 969-978.
Mascrez, B., Mark, M., Dierich, A., Ghyselinck, N. B., Kastner, P. and
Chambon, P. (1998). The RXRα ligand-dependent activation function 2
(AF-2) is important for mouse development. Development 125, 4691-4707.
Mascrez, B., Mark, M., Krezel, W., Dupé, V., LeMeur, M., Ghyselinck, N.
B. and Chambon, P. (2001). Differential contributions of AF-1 and AF-2
activities to the developmental functions of RXRα. Development 128, 20492062.
Mendelsohn, C., Ruberte, E., LeMeur, M., Morriss-Kay, G. and
Chambon, P. (1991). Developmental analysis of the retinoic acid-inducible
RARβ2 promoter in transgenic animals. Development 113, 723-734.
Mendelsohn, C., Larkin, S., Mark, M., LeMeur, M., Clifford, J., Zelent,
A. and Chambon, P. (1994). RARβ isoforms: distinct transcriptional
control by retinoic acid and specific spatial patterns of promoter activity
during mouse development. Mech. Dev. 45, 227-241.
Minucci, S., Leid, M., Toyama, R., Saint-Jeannet, J. P., Peterson, V. J.,
Horn, V., Ishmael, J. E., Bhattacharyya, N., Dey, A., Dawid, I. B. and
Ozato, K. (1997). Retinoid X receptor (RXR) within the RXR-retinoic acid
receptor heterodimer binds its ligand and enhances retinoid-dependent gene
expression. Mol. Cell. Biol. 17, 644-655.
Mollard, R., Viville, S., Ward, S. J., Décimo, D., Chambon, P. and Dollé,
P. (2000). Tissue-specific expression of retinoic acid receptor isoform
transcripts in the mouse embryo. Mech. Dev. 94, 223-232.
Mulder, G. B., Manley, N. and Maggio-Price, L. (1998). Retinoic acidinduced thymic abnormalities in the mouse are associated with altered
pharyngeal morphology, thymocyte maturation defects, and altered
expression of Hoxa3 and Pax1. Teratology 58, 263-275.
Müller, T. S., Ebensperger, C., Neubuser, A., Koseki, H., Balling, R.,
Christ, B. and Wilting, J. (1996). Expression of avian Pax1 and Pax9 is
intrinsically regulated in the pharyngeal endoderm, but depends on
environmental influences in the paraxial mesoderm. Dev. Biol. 178, 403-417.

RARβ-mediated teratogenesis 2093
Myat, A., Henrique, D., Ish-Horowicz, D. and Lewis, J. (1996). A chick
homologue of Serrate and its relationship with Notch and Delta homologues
during central neurogenesis. Dev. Biol. 174, 233-247.
Nason-Burchenal, K. and Dmitrovsky, E. (1999). The Retinoids: Cancer
Therapy and Prevention Mechanisms. In Handbook of Experimental
Pharmacology: Retinoids, the Biochemical and Molecular Basis of Vitamin
A and Retinoid Action. Vol. 139 (ed. G. V. R. Born, P. Cuatrecasas, D.
Ganten, H. Herken, K. Starke and P. Taylor), pp 301-322. Basel: SpringerVerlag.
Niederreither, K., Subbarayan, V., Dollé, P. and Chambon, P. (1999).
Embryonic retinoic acid synthesis is essential for early mouse postimplantation development. Nat. Genet. 21, 444-448.
Nugent, P., Sucov, H. M., Pisano, M. and Green, R. M. (1999). The role of
RXRα in retinoic acid-induced cleft palate as assessed with the RXRα
knockout mouse. Int. J. Dev. Biol. 43, 567-570.
Old, R. W., Smith, D. P., Mason, C. S., Marklew, S. and Jones, E. A. (1996).
Effects of retinoic acid on Xenopus embryos. Biochem. Soc. Symp. 62, 157174.
Orfanos, C. E., Ehlert, R. and Gollnick, H. (1987). The retinoids. A review
of their clinical pharmacology and therapeutic use. Drugs 34, 459-503.
Osumi-Yamashita, N., Iseki, S., Noji, S., Nohno, T., Koyama, E.,
Taniguchi, S., Doi, H. and Eto, K. (1992). Retinoic acid treatment induces
the ectopic expression of retinoic acid receptor β gene and excessive cell
death in the embryonic mouse face. Dev. Growth Differ. 34, 199-209.
Piotrowski, T. and Nusslein-Volhard, C. (2000). The endoderm plays an
important role in patterning the segmented pharyngeal region in zebrafish
(Danio rerio). Dev. Biol. 225, 339-356.
Pratt, R. M., Goulding, E. H. and Abbott, B. D. (1987). Retinoic acid
inhibits migration of cranial neural crest cells in the cultured mouse embryo.
J. Craniofac. Genet. Dev. Biol. 7, 205-217.
Rossant, J., Zirngibl, R., Cado, D., Shago, M. and Giguere, V. (1991).
Expression of a retinoic acid response element-hsplacZ transgene defines
specific domains of transcriptional activity during mouse embryogenesis.
Genes Dev. 5, 1333-1344.
Roy, B., Taneja, R. and Chambon, P. (1995). Synergistic activation of
retinoic acid (RA)-responsive genes and induction of embryonal carcinoma
cell differentiation by an RA receptor alpha RARα-, RARβ-, or RARγselective ligand in combination with a retinoid X receptor-specific ligand.
Mol. Cell. Biol. 15, 6481-6487.
Ruberte, E., Dollé, P., Chambon, P. and Morriss-Kay, G. (1991). Retinoic
acid receptors and cellular retinoid binding proteins. II. Their differential
pattern of transcription during early morphogenesis in mouse embryos.
Development 111, 45-60.
Schneider, R. A., Hu, D., Rubenstein, J. L., Maden, M. and Helms, J. A.
(2001). Local retinoid signaling coordinates forebrain and facial
morphogenesis by maintaining FGF8 and SHH. Development 128, 2755-2767.
Seewaldt, V. L., Johnson, B. S., Parker, M. B., Collins, S. J. and Swisshelm,
K. (1995). Expression of retinoic acid receptor beta mediates retinoic acidinduced growth arrest and apoptosis in breast cancer cells. Cell Growth
Differ. 6, 1077-1088.

Serbedzija, G. N., Bronner-Fraser, M. and Fraser, S. E. (1992). Vital dye
analysis of cranial neural crest cell migration in the mouse embryo.
Development 116, 297-307.
Soprano, D. R. and Soprano, K. J. (1995). Retinoids as teratogens. Annu.
Rev. Nutr. 15, 111-132.
Strickland, S., Breitman, T. R., Frickel, F., Nurrenbach, A., Hadicke, E.
and Sporn, M. B. (1983). Structure-activity relationships of a new series
of retinoidal benzoic acid derivatives as measured by induction of
differentiation of murine F9 teratocarcinoma cells and human HL-60
promyelocytic leukemia cells. Cancer Res. 43, 5268-5272.
Sucov, H. M., Izpisua-Belmonte, J. C., Ganan, Y. and Evans, R. M. (1995).
Mouse embryos lacking RXRα are resistant to retinoic acid-induced limb
defects. Development 121, 3997-4003.
Sulik, K. K., Cook, C. S. and Webster, W. S. (1988). Teratogens and
craniofacial malformations: relationships to cell death. Development Suppl.
103, 213-231.
Sun, S. Y., Wan, H., Yue, P., Hong, W. K. and Lotan, R. (2000). Evidence
that retinoic acid receptor beta induction by retinoids is important for tumor
cell growth inhibition. J. Biol. Chem. 275, 17149-17153.
Taneja, R., Roy, B., Plassat, J. L., Zusi, C. F., Ostrowski, J., Reczek, P. R.
and Chambon, P. (1996). Cell-type and promoter-context dependent
retinoic acid receptor (RAR) redundancies for RARβ2 and Hoxa-1
activation in F9 and P19 cells can be artefactually generated by gene
knockouts. Proc. Natl. Acad. Sci. USA 96, 6197-6202.
van der Wees, J., Schilthuis, J. G., Koster, C. H., Diesveld-Schipper, H.,
Folkers, G. E., van der Saag, P. T., Dawson, M. I., Shudo, K., van der
Burg, B. and Durston, A. J. (1998). Inhibition of retinoic acid receptormediated signalling alters positional identity in the developing hindbrain.
Development 125, 545-556.
Veitch, E., Begbie, J., Schilling, T. F., Smith, M. M. and Graham, A. (1999).
Pharyngeal arch patterning in the absence of neural crest. Curr. Biol. 9,
1481-1484.
Waldo, K. L., Willner, W. and Kirby, M. L. (1990). Origin of the proximal
coronary artery stems and a review of ventricular vascularization in the chick
embryo. Am. J. Anat. 188, 109-120.
Webster, W. S., Johnston, M. C., Lammer, E. J. and Sulik, K. K. (1986).
Isotretinoin embryopathy and the cranial neural crest: an in vivo and in vitro
study. J. Craniofac. Genet. Dev. Biol. 6, 211-222.
Wei, X., Makori, N., Peterson, P. E., Hummler, H. and Hendrickx, A. G.
(1999). Pathogenesis of retinoic acid-induced ear malformations in primate
model. Teratology 60, 83-92.
Wendling, O., Dennefeld, C., Chambon, P. and Mark, M. (2000). Retinoid
signaling is essential for patterning the endoderm of the third and fourth
pharyngeal arches. Development 127, 1553-1562.
Wendling, O., Ghyselinck, N. B., Chambon, P. and Mark, M. (2001). Roles
of retinoic acid receptors in early embryonic morphogenesis and hindbrain
patterning. Development 128, 2031-2038.
Zucker, R. M., Elstein, K. H., Shuey, D. L., Ebron-McCoy, M. and Rogers,
J. M. (1995). Utility of fluorescence microscopy in embryonic/fetal
topographical analysis. Teratology 51, 430-434.

