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Retinoic acid-induced developmental defects are mediated by RAR

heterodimers in the pharyngeal endoderm
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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 B (RAR[) agonistic
properties in transfected cells. By contrast, no branchial
arch defects are observed following treatment with
synthetic retinoids that exhibit RARa or RARY 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

Rarb and of several other direct RA target genes.
Therefore, craniofacial abnormalities characteristic of the
RA embryopathy are mediated through ectopic activation
of RARB/RXR heterodimers, in which the ligand-
dependent activity of RXR is subordinated to that of
RARB. Endodermal cells lining the first two branchial
arches respond to treatment with the RAR 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 RAR agonist BMS453 exhibits

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

an antagonistic activity on the two other RAR isotypes.

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

INTRODUCTION main functional units that transduce the retinoid signal during
development; and (4) transcriptional activation of both partners
Retinoic acids (RASs), the active metabolites of vitamin A, exerin these heterodimers is often required to activate target genes
their pleiotropic effects through binding to two families of and to mediate the physiological effects of RA during
nuclear receptors, the retinoic acid receptors (RARs) and theorphogenesis and organogenesis (reviewed by Kastner et al.,
retinoid X receptors (RXRs), each family comprising threel995; Mark et al., 1999; Kastner et al., 1997; Mascrez et al.,
isotypes @, B andy). Either all-trans or 9-cis RA activates 1998; Mascrez et al., 2001).

RARs, whereas only 9-cis RA activates RXRs. RARs and RA is indispensable for early morphogenesis and for
RXRs function as ligand-dependent transregulators by bindingrganogenesis as these are dramatically disturbed when the
in the form of RAR/RXR heterodimers, to RA responsephysiological level of RA is lowered (Niederreither et al.,
elements (RARE) located in the regulatory regions of target999) and when RAR/RXR-mediated signalling pathways
genes (reviewed by Chambon, 1996; Laudet and Gronemeyere abrogated by genetic (see above) or pharmacological
2002). RXRs can also act as homodimers (at least in vitro), armgpproaches (Wendling et al., 2000; Wendling et al., 2001;
as heterodimerization partners for numerous nuclear receptdsshneider et al., 2001). However, RA is also a potent teratogen
in addition to RARSs: thyroid hormone receptors, vitamin D3that, at pharmacological concentrations, can induce congenital
receptor, peroxisome proliferator activated receptors andefects in all vertebrate species as well as in certain
several orphan receptors (reviewed by Mangelsdorf and Evariayertebrates (Soprano and Soprano, 1995; Collins and Mao,
1995; Chambon, 1996). A systematic germline knockoul999; Escriva et al., 2002). In humans, oral intake of Accutane
approach of RARs and RXRs in the mouse, performed over t{&3-cis RA) during gastrulation and early organogenesis
past 10 years, has demonstrated that: (1) RARs and RXRs dgestational weeks 2-5) results in a spectrum of malformations
required to mediate the developmental effects of RA; (2Jeferred to as retinoic acid embryopathy (RAE) (Lammer et al.,
functional redundancies exist among the three RARs anii985).

among the three RXRs; (3) RAR/R¥Rheterodimers are the  An external ear malformation is the most frequent defect
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observed in human RAE and in mammalian models of RABtained for 3 minutes in Acridine Orange (I@ml in PBS, Sigma)
(Lammer et al., 1985; Webster et al., 1986; Wei et al., 1999ccording to Zucker et al. (Zucker et al., 1995), and photographed.
The external ear and the other craniofacial componentsmbryos were then post-fixed in Bouin's fluid for 16 hours, and
commonly deficient in RAE syndromes, the mandible and tharocessed for histology according to standard procedures. Staining for
middle ear (Lammer et al., 1985; Coberly et al., 1996; Ma”OB-gaIactosidase activity was carried out as described (Mendelsohn et
1997), originate from the fi,rst twc; branchial arcﬁes (BAS) th ., 1991). Embryos were post-fixed in 4% buffered paraformaldehyde

. - . PFA) for 16 hours at 4°C and processed for histology. To visualize
first branchial cleft and the first pharyngeal pouch (Larsen(he aortic arches, embryos cultured for 48 hours were injected with

1993). BAs are transient bulges of the embryonic surface th@gbjikan ink (number 17) via the yolk sac vasculature using a 1 mm

flank the oral and pharyngeal cavities, and develop in a cranigpillary tube, and then fixed in 4% PFA for 16 hours and cleared
to caudal sequence. Each consists of a mesenchymal caistording to Waldo et al. (Waldo et al., 1990).

covered externally by ectoderm and lined internally by For in situ hybridization, cultured embryos were fixed by 4% PFA
endoderm. Grooves of the BA ectoderm (branchial clefts) anié PBS (1 hour; 4°C). The digoxigenin-labelled antisense riboprobes
evagination of the pharyngeal endoderm (pharyngeal pouche&gre synthesized by T7 polymerase usiRgrb (all isoforms)
separate the BAs from one another. The mesenchyme of tffauberte et al., 1991foxal (Duboule and Dolle, 1989)1oxbl

first two BAs is largely made of neural crest cells (NCC) thaf~"ohman et al., 1990) ariéax1 (Deutsch et al., 1998) cDNA as
have emigrated from the caudal midbrain and the anteri& mplates. Whole-mount in situ RNA hybridization was carried out as

: . . . escribed (Décimo et al., 1995), except that 100 mM maleic acid,
hindbrain (Lumsden et al., 1991; Serbedzija et al., 1992 '50 mM NacCl, 0.1% Tween 20 was used for the washes. In situ

Maternal exposure of mouse embryos to RA at embryonic day prigization was performed according to Myat et al. (Myat et al.,

(E) 8.0 results in fusion and hypoplasia of the first two BAs. I 996) with the following modifications: 1Qm paraffin wax-

has been assumed that such BA defects could account f@fbedded sections were rehydrated in water andull@dthe heat

alterations of the external ear and mandible displayed at birthactivated RNA probe (diluted 1/100 in hybridization buffer) was

by RA-exposed embryos, and that neural crest is the primagpplied on each slide. The anti-DIG antibody (Roche, Germany) was

target tissue of RA-induced teratogenesis in the BA regiofliluted 1/2500 in blocking solution. Sections were incubated in

(Goulding and Pratt, 1986; Webster et al., 1986; Pratt et ap_\lBT/BC_IP (the two substrates for alkqline phosphatase; Boehri_nger

1987; Lee et al., 1995; Wei et al., 1999). Manr_whelm, Germany) for 48 hours, with one change of the staining

The aim of the present study was to gain insights into th%c’lut'On after 24 hours.

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 isotypesRESULTS

to the generation of these defects; and (2) characterize the

pathogenetic events underlying RA-induced teratogenesis. Tombryos were collected at E8.0 (two- to four-somites stage),

this end, we have analyzed the effects of various synthetice. about 12 hours prior to the appearance of the mandibular

agonistic and antagonistic retinoids on BA formation in wild-component of the first BA (Kaufman, 1992), and cultured for

type andRarb-null embryos in culture. 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

MATERIALS AND METHODS to ethanol (i.e. the retinoid vehicle) for 48 hours was similar to
that of E9.5 embryos developing in vivo (see, for example,
Retinoids, embryo cultures and mouse lines Fig. 1A, Fig. 2A and Fig. 4A-C) (Wendling et al., 2000).

The synthetic agonist retinoids, selective for RARBMS753), . .

RARB (BMS453), and RAR (BMS961), the panRXR agonist 1he panRAR-selective agonist TTNPB and the

(BMS649, identical to SR11237) (Gendimenico et al., 1994), and thRAR[-selective agonist BMS453 induce identical

panRAR antagonist BMS493 were gifts from Bristol-Myers Squibbbranchial arch defects

(Wallingford, CT). Their selectivity was assessed by transactivatioq determine whether RARs or RXRs are involved in fusion
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 assg‘Bith)p?ﬁ (;iil:d Ogytgicgrssé S’YAO (gﬁﬁl d(itr? grma?% fll)er;(-ita’ ﬂfs;g%‘,;

g\erilggg)glVe\e/;gl6u2r(ggg;s(\e/:/jefr;glrlr?%égil.,(éroaalc)é)TTNPB (Strickland e\Nebster et al., 1986), wild-type embryos were cultured in the

Embryos collected at E8.0 (two- to four-somite stage) were culture@'€SENCE of either the panRAR-selective agonistic retinoid
as described previously (Copp and Cockroft, 1990), for 12, 24, 30 dk TNPB or the panRXR-selective agonistic rexinoid BMS649
48 hours. Retinoids were diluted in ethanol and added to the cultuf&R11237). Treatment with 5.5M TTNPB (n=10 embryos)
medium to give a final concentration of 0.1% (vol/vol). In controlinduced malformations restricted to the first two BAs, which
cultures, the ethanol vehicle was added at the same final dilutiowere consistently smaller than in control embryos and fused
Mouse lines carrying thRarb2-lacZas well as th&are-hsp68-lacZ  (compare B1 and B2 in Fig. 1A with B1-2 in Fig. 1B) instead
RA-reporter transgenes have been described previously (Mendelsopp separated by the first branchial cleft (arrowhead in Fig. 1A,
]‘?t al., 1991, Rossg”t et gg’ é?_ga?rb”“g embryos Weredqe”egated 4 Compare with Fig. 1B). By contrast, treatment with the rexinoid
J?tmhénéi'lrfurfjsgi dgggﬁbedr (Ghmgcee”ﬁgk :{e; glegngo%/pe atthe end g\1se49 did not induce morphological alterations, even at a

’ y v ’ concentration of 1® M (n=18; data not shown). A RAR-
External morphology, histology, ink injection and in situ selective retinoid is therefore sufficient to induce the
hybridization teratogenic effects of RA on BA development, whereas a RXR-
Cultured embryos were fixed in Bouin’s fluid for 5 hours, rapidly Selective retinoid (i.e. a rexinoid) has no effect on its own.
rinsed in 70% ethanol and then in phosphate-buffered saline (PBS), Wild-type embryos ri=95) cultured in the presence of
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cultured for 12, 24 and 48 hours exhibited high levelBaxfl
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) (Muller et al., 1996;
Dupé et al., 1999). In BMS453-treated embryBax1 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 Paxl correlates with high levels of cell
proliferation in the pharyngeal endoderm (Mdiller 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.
ZEhldE\]:feelgtp?n?ért:ehﬁgrgﬁélﬁé?egef%gﬁcallg-c:gzttgg'(\gir?g 1'?;.?\?;2'_""' No alterations of the BAs, branchial clefts and pharyngeal
’ pouches were observed upon treatment of wild-type embryos

treated (B) wild-type embryos after 48 hours in culture. B1-B3, a : . - .
branchial arches 1 to 3, respectively; B1-2, fused first and second (n=15 in each group) with 10 M RARa-selective agonist

branchial arches; H, heart; O, otocyst. Arrowhead indicates the first (BMS753) or RAR-selective agonist (BMS961) (compare B1,
branchial cleft. 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-induciblRarehsp68-lacZ
107 M RARp-selective agonist BMS453 reproducibly reporter transgene (Rossant et al., 1991; Ang et al., 1996) in
displayed an external defect consisting of a 1-2BAFHhe frontonasal mass and in the tail, respectively (F and red
(compare B1 and B2 in Fig. 2A with B1-2 in Fig. 2B) with a arrow in Fig. 4).
small or absent first branchial cleft (arrowhead in Fig. 2A, BMS453 and TTNPB at concentrations that consistently
compare with Fig. 2B). Variable degrees of fusion between thimduced 1-2BAFH in wild-type embryos (fOM and 5<10-°
first two BA arteries (i.e. the first and second aortic arches; AM, respectively, see above), did not yield any abnormality in
and A2 in Fig. 2C) were seen following injection of ink into Rarb-null embryos (=10 in each group; Fig. 5B,D; compare
the embryonic vasculature (Al-2 in Fig. 2D), and on serialith Fig. 5A,C; data not shown). Altogether, these data
histological sections (compare Al and A2 in Fig. 2E with Al-indicated that the teratogenic effects of retinoids on BAs were
2 in Fig. 2F). The first and second pharyngeal pouches wespecifically mediated by RAR provided that BMS453
markedly hypoplastic on flat mounts of isolated pharyngeahctually acted as a bona fide retinoid in the embryo. To check
endoderm (P1 and P2, compare Fig. 3G,|,K with Fig. 3H,J,L)}this latter point, we used transgenic embryos carryitaga
In situ hybridization with @ax1probe was used to investigate gene controlled by the RA-inducibRarb2promoter sequence
pharyngeal pouch development. Similar to what is observeRarb2-lacZ gene), which is active in some, but not all,
during normal embryogenesis, vehicle-treated embryosmbryonic tissues expressing the endogenBasb gene
(Mendelsohn et al., 1991; Mendelsohn et al., 1994). In
vehicle-treated control embryoi=11), expression
of the Rarb2-lacZreporter was detected in the neural
tube from the caudal neuropore up to the seventh
rhombomere (R7, Fig. 6A). In embryos treated with
107 M BMS453 (1=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

— Vehicle ——— —TTNPB 5.10° M —

Al

Fig. 2. Effects on branchial arch development of the RAR
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 RARselective 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; Al1-2 fused first and second aortic arches; B1-
B3, 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: 206 in E,F.

—— BMS453 107 M —— Vehicle
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[ Vehice — —— BMS453107M —

T - S

>

— 48 hours — |—24 hours

BMS961 107 M —] — BMS753 107 M—] [~ Vehicle —]

— 12 hours ] il 24 hours | |— 48 hours _I

I_ -
o -
% G & 'H) |
>,_ Fig. 4. The RARx-selective (BMS753) and the RA®Relective
— (BMS961) agonists, induce ectopic expression oRare-hsp68-

lacZ transgene in the frontonasal mass and tail, respectively, without
altering branchial arch development. Ventral views (A,D,G) of wild-
type 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

BMS453
107 M

;

Fig. 3. Effects on branchial pouch development of the RABonist ] >
BMS453. Embryos were hybridized wittPaxlantisense probe and B2, branchial arches 1 and 2, respectively; F, frontonasal
after 12, 24 and 48 hours in culture. (A,B) external views. process; H, heart. Arrowheads indicate the first branchial cleft and

(C-F) Embryos cut sagittally into halves; the medial side of the right "ed arrows point to the tips of the tails.

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; . o

P1-P3, pharyngeal pouches 1 to 3, respectively; P1-2, fused first angXPression pattern Clo§ely matches the distribution of

second pharyngeal pouches; S, somites. A-F and G-L are displayeceNdogenous RA, and which can be induced by exogenous RA

at the same magnification. in all tissues from E7.5 to E10.5 (Rossant et al., 1991; Ang et
al., 1996). In control embryo£24), a robust expression of
Rarehsp68-lacZwas observed in the neurectoderm up to the

antagonist BMS493 at 1M prevented not only the BMS453- R5/R6 boundary, whereas a wefkgalactosidase activity

induced ectopic expression of tRarb2-lacZtransgene in the was detected in R5, but not in more anterior rhombomeres

R4 to R6 territory1=6; Fig. 6C), but also the generation of the (Fig. 7A). Rarehsp68-lacZ expression in the pharyngeal

1-2BAFH (compare B1-2 in Fig. 6B with B1 and B2 in endoderm was restricted to its caudal part (pE, Fig. 7C,E)

Fig. 6C). As expected, BMS493 also caused a general decredseng the presumptive third and fourth BAs. The anterior part

of Rarb2-lacZ expression (compare Fig. 6A with Fig. 6C) of the pharyngeal endoderm (aE, Fig. 7C,E), lining the first and

(Wendling et al., 2000). These data indicate that the BMS45%econd BAs (B1 and B2, Fig. 7E) and forming the first

induced 1-2BAFH is causally related to the activation of an RAharyngeal pouch (P1, Fig. 7E), did not express the transgene.

signalling pathway. In embryos treated with tOM BMS453 (=16), Rarehsp68-

. ) ) ) lacZ expression was strongly increased in R5, and became
Induction by BMS453 of ectopic RA signalling and detectable in R4 (Fig. 7B). Concomitantly, a robimtZ
RAR( expression in rhombencephalic neurectoderm expression was observed throughout the whole pharyngeal
and pharyngeal endoderm endoderm (aE and pE, Fig. 7D,F), notably in the region lining

To analyze tissue responsiveness to BMS453, we used embrythe fused branchial arches (B1-2, Fig. 7F). HowelexZ
harbouring theRarehsp68-lacZreporter transgene, whose expression was not induced in the ectoderm covering the first
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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 additidthoxblwas
expressed in R4 (R4, Fig. 8B). Treatment with BMS453
induced strong, ectopic expression of both genes in the anterior
part of the pharyngeal endoderm (ag, Fig. 8C,D) in addition to
ectopic expression dfloxblin the dorsal region of R3 (R3,
Fig. 8D). This ectopic transcriptional activation of RA-target
genes indicates that BMS453 triggers a RBARediated RA-
signalling 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,
RARp 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 RAR 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 RARmediated signalling pathway. In
control embryosn=8), RARB 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
Fig. 5. Rarb-null embryos are resistant to BMS453-induced contrast, RAR transcripts were absent from R5 and more
teratogenic effects. External views (A,B) and frontal histological anterior rhombomeres (Fig. 9A), as well as from the anterior
sections (C,D) of the branchial archesRafrb-null embryos after 48 art of the pharyngeal endoderm (aE, Fig. 9C). Upon treatment

hours in culture either without retinoid (vehicle) or in the presence of - 7 _ : .
BMS453. A1-A3 and B1-B3, aortic arches and branchial arches 1 to ith 10"M BMS453 (=8), the RAR expression domain was

3, respectively; P1, first pharyngeal pouch. Scale bar in D200 shifted anteriorly, now encompassing R4 and R5 (Fig. 9B), as
for C,D. well as the anterior part of the pharyngeal endoderm (aE,

Fig. 9D). Thus, altogether these findings demonstrate that
the RARB-specific agonist BMS453 can induce ectopic
two BAs (EC, Fig. 7E,F), in the mesenchyme (M1, M2 andexpression of RAR and of other RA-target genes along the
M1-2, Fig. 7E,F), or in the neural crest cells (NCCs), whichneuroectodermal and endodermal territories located at a level
after 24 hours in culture, are still migrating into the nascenélong the anteroposterior body axis where BMS453-induced
second BA (brackets, Fig. 7G,H). Note that treatmeiRayb  developmental defects are occurring.
null embryos carrying thRAREhsp68-lacZtransgene with
107 M BMS453 did not affect the pattern laicZ expression  The RAR[ agonist BMS453 synergizes with the
in the pharyngeal endoderm (aE, compare Fig. 7H with FigganRXR agonist BMS649 and antagonizes other
G,l), or in the hindbrain (data not shown). These result®AR isotypes
indicate that treatment with BMS453 specifically triggersEmbryos cultured in the presence of BMS453 af /D(n=32)
ectopic expression of an RA-inducible transgene in R4 and were undistinguishable from controls (compare A1-A3, P1 and
the endoderm of the first and second BAs. arrowhead in Fig. 10A and Fig. 2E) and, as already mentioned
Expression ofHoxal and Hoxblin the endoderm of the above, exposure to the panRXR agonist BMS649 & MO
primitive gut and in the hindbrain neurectoderm is under RAn=18) did not yield embryonic defects (compare A1-A3, P1
and arrowhead in Fig. 10B and Fig. 2E). By contrast, all
. ; BMS453 107 M embryos treated with a combination of 491 BMS453
[ Vehicle ——— —BMS45310"M— r pgucigo3106m 1 and 166 M BMS649 (=22) displayed 1-2BAFH, as

’ 3

BMS453 107 M — |—Vehicle

Fig. 6. BMS453-induced branchial arch defects and ectopic
activation of the RAR2 promoter are prevented by the
panRAR-selective antagonist BMS493. Embryos carrying the
Rarb2-lacZtransgene 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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; %
— Vehicle — rBMS453 10 M-I

4 1& l

F i

—— BMS453 10-7 M —— —— Vehicle

Fig. 8. Expression oHoxalandHoxblin 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.

¥
G H i ' - decrease ofRare-hsp68-lacZexpression in the frontonasal
L Vehicle — | BMS 453 107 M | 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
Fig. 7. Expression ofacZin vehicle-treated and BMS453-treated sections, this decreased expression was seen: (1) in the
embryos carrying thRare-hsp68-lacZransgene in a wild-type (WT,  forebrain (FO), optic vesicle (OV) and the mesenchyme (M)
A.H) and in arRarb-null (Rarb™ 1) genetic background, after 24 g;rrounding them (compare Fig. 11D and E); and (2) in the tail
hours (A'E'G") or 30 ho”és (E.F)in C“'.“”ﬁ' (.A'B)thorsal ‘lg'ews gf tissues (T) except for the mesonephric duct (D, compare
intact embryos. (C,D) Embryos cut sagitally into halves; the media Fig. 11A and B; data not shown). However, it is noteworthy

side of the right half is displayed. (E,F) Frontal histological sections ’ U
through the pharynx. (G-I) Lateral views of intact embryos. BracketstNat all these tissues can respond to an activation of RAR

(G-1) indicate the putative localization of migrating NCCs destined teignalling as both RA (Rossant et al., 1991) and TTNPB

the second BA. B1-B2 and M1-M2, branchial arches 1 and 2, and increased their Rare-hsp68-lacZ transgene expression

their mesenchyme, respectively; B1-2 and M1-2, fused firstand ~ (compare Fig. 11A,D,G with Fig. 11C,Fl). Furthermore, the

second branchial arches and their mesenchyme, respectively; aE aiBMS453-induced decreaseRéare-hsp68-lac2xpression was

PE, anterior and posterior regions of the pharyngeal endoderm,  clearly not mediated by RARas it was also observedRarb-

respectively; EC, ectoderm; F, frontonasal process; H, heart; null embryos treated with BMS453 (compare F in Fig. 7H,I;

O, otocyst; P1, first pharyngeal pouch; R2-R5, rhombomeres 210 5,4at3 not” shown). Altogether, these results indicate that

respectively. Scale bar in F: 106 for E,F. BMS453, aside from its RAR agonistic properties, can
antagonize signalling pathways mediated by the other RARS in
vivo, namely RAR: and/or RARy (see Discussion below).

well as a fusion of the corresponding aortic arches (Al1-2 in

Fig. 10C; data not shown). Therefore, non-teratogenic

concentrations of BMS649 and BMS453 can synergisticallfpISCUSSION

induce malformations generated by a teratogenic concentration

of BMS453 on its own (compare Al-2 in Fig. 10C and Fig.Treatment of embryos with retinoids (retinol or RA) induces

2F). multiple malformations, the nature and spectrum of which

Treatment with BMS453 not only caused ectopic activatiordepend both on the dose and on the developmental stage at the

of RAR signalling in R4 (Fig. 6B, Fig. 7B, Fig. 9B) and in time of exposure (reviewed by Soprano and Soprano, 1995;

the anterior part of the pharyngeal endoderm (akE, Fig. 7D,F,K;ollins and Mao, 1999). Evidence that teratogenic effects of

Fig. 8C,D, Fig. 9D, Fig. 11B), but also consistently induced aetinoids are receptor mediated has been inferred: (1) from
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BMS453 10-8 M
BMS649 106 M

Fig. 10.Synergistic effects of the RARagonist BMS453 and of the

; panRXR-selective agonist BMS649. Frontal histological sections are
1 from comparable levels of wild-type embryos after 48 hours in

5 culture. A1-A3, aortic arches 1 to 3, respectively; A1-A2 fused first

r E and second aortic arches; P1, first pharyngeal pouch. Arrowhead
= : 3 indicates the first branchial cleft. Scale bar in A: g60for A-C.
& e E R4 O F e T ; i i i
™ BN 9— aE—~ development is mediated by RBRXR heterodimers, in
®Q fOo%: & R5 - ' which the activity of RXR is subordinated to that of RAR
o By ﬁ— ’p’E.'I H and also show that the primary target tissue of RA-induced
®w . % R6 \ teratogenicity is most probably the branchial arch (BA)
E T, A;— - 1 endoderm. In addition, we provide the first in vivo evidence
T . f that an RAR-selective agonist can also antagonize RARd
2 0 !
|_ B i D\ RARYy isotypes.
S ‘ RARPB/RXR heterodimers mediate teratogenic effects
Fig. 9. Distribution of mRARB transcripts in vehicle-treated and of RA in the branchial region of the head
BMS453-treated wild-type embryos after 24 hours in culture. We show that the fusion and hypoplasia of the first two BAs
(A,B) Frontal histological sections through the rhombencephalon.  (1-2BAFH), which results from RA administration at a
(C,D) Embryos hybridized in toto with the mRARrobe cut developmental stage equivalent to E8.0 in the mouse (Webster

sagittally into halves; the left medial side is displayed. aE and pE, et g|., 1986; Goulding and Pratt, 1986; Lee et al., 1995; Wei
anteriotr. ar;d ‘l’:oite”?r partls of the pharykr:geetd (e)”d?dem:’ magy ©tal, 10999), can also be generated by treatment with the
respectively; F, rrontonasal process; H, neart; O, OotoCyst; -RY7, . f
: g panRAR-selective agonist TTNPB. Furthermore, TTNPB-
rhombomeres 4 to 7, respectively. Scale bar in B:uts@or A,B. induced 1-2BAFH is not observed Rarb-null embryos, and
can be mimicked in wild-type embryos by treatment with the
RARp-selective agonist BMS453 but not with an RAR
comparison of the teratogenic potency of synthetic retinoidselective or RAR-selective agonist. These findings strongly
and their ability to activate their cognate receptors; and (Qupport the conclusion that abnormal activation of RAR
from RA treatment of animals overexpressing or carryingignalling is both necessary and sufficient to induce the typical
null mutations of retinoid receptors. First, it has been showearly teratogenic effect induced by RA administration at E8.0.
that synthetic retinoids that are unable to activate RARExternal and middle ears derive from the first branchial cleft
are non-teratogenic (Kochhar et al., 1996), whereas RARctoderm, the first pharyngeal pouch endoderm and the
isotype-selective retinoids produce a distinct spectrum ahesenchyme located at the interface between the first and
defects (Elmazar et al., 1996; Arafa et al., 2000). Secondecond BAs, whereas mandibular bone differentiates from the
overexpression of RARIn Xenopusembryos potentiates the first BA mesenchyme (Larsen, 1993). Thus, ear and mandible
RA-induced loss of cranial structures, whereas expression ofdeficiencies that, in human newborns, are hallmarks of RAE
dominant-negative form of RARSs results in a resistance to RALammer et al., 1985; Coberly et al., 1996), could be
induced malformations (Old et al., 1996; Blumberg et al.accounted for by an abnormal activation of RRAstgnalling
1997; van der Wees et al., 1998). Along the same lines, botluring the fourth week of pregnancy (equivalent to E8.0 in the
Rarg andRxranull mouse embryos are resistant to some RAmouse).
induced malformations (Lohnes et al.,, 1993; lulianella and In cultured cells, RAR- and RXR-selective agonists act
Lohnes, 1997; Sucov et al., 1995; Nugent et al., 1999kynergistically to promote cell proliferation, differentiation or
RARa/RXR heterodimers could participate in RA-inducedapoptosis through transactivation of RA-responsive genes.
teratogenesis, as the frequency and/or severity of sonMoreover, the ligand-bound RXR is transcriptionally active
morphological defects is increased by co-administration of aanly if its RAR partner is also ligand-bound (the so-called
RARa-selective and an RXR-selective agonist (Lu et al., 1997RXR subordination) (Lotan et al., 1995; Roy et al., 1995; Horn
Elmazar et al., 1997; Elmazar et al., 2001). In the present studt al., 1996; Taneja et al., 1996; Botling et al., 1997; Chiba et
we show that a characteristic RA-induced defect of craniofaciall., 1997; Minucci et al., 1997; Altucci and Gronemeyer, 2001).
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| Vehicle ] — BMS45310’"M— — TTNPB5.10°M —  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 retinoid-
responsive 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; lulianella and Lohnes, 2002; Jiang et al.,
2002).

By contrast, treatment with BMS453 disrupts the
Fig. 11. Treatment with the RARagonist BMS453 decreases RA  development of the first two pharyngeal pouches and triggers
signalling in the frontonasal process and tail. External views (A-C,Gectopic RARB-dependent RA signalling in the endoderm
) and frontal histological sections (D-F) of embryos carrying the  lining the first two BAs, manifested by the rostral shift of the
Rare-hsp68-lacZransgene in a wild-type genetic background. expression domains of RA-responsive genes (i.e.Riue-
Transgenic embryos were cultured for 24 hours (G-I) or 30 hours hsp68-lacZreporter, theRarb gene, theHoxal and Hoxb1
(A-F) in the presence of vehicle (A,D,G), BMS453 (B,EH) and the ganes). Hox gene expression probably plays an important role
panRAR-selective agonist TTNPB (C,F|). aE, anterior part of the i 5 ntaroposterior regionalization of the pharyngeal endoderm
pharyngeal_endoderm, F, frontonasal process; FO, forebrain; D, Muld t al. 1998° Manl dc hi 1998 Wendli
mesonephric duct; G, foregut; H, heart; M, mesenchyme of the (Mulder et al., . » Maniey an ape;cc ! » yvenaling
frontonasal process; OV, optic vesicle; SC, spinal cord; T, tail. Scale®t @l 2000), which can be set up even in the absence of NCCs
bar in F: 40Qum for D-F. (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
Along the same lines, RXR-selective ligands, which areémparting patterning information to NCCs (Couly et al.,
inactive on their own, synergize in vivo with R&Rand 2002), as well as to ectodermal cells (Begbie et al., 1999).
RARy-selective ligands to generate congenital malformationin our BMS453-treated embryos, impaired development of
(Kochhar et al., 1996; Lu et al., 1997; Elmazar et al., 1996he first pharyngeal pouch probably occurs as a direct
Elmazar et al., 1997; Elmazar et al., 2001). In our experimentspnsequence of improper regionalization of the pharyngeal
the panRXR agonist BMS649 (SR11237) had no effect on itsndoderm. As BA segmentation cannot proceed without
own, indicating that neither RXR homodimers, nor othempharyngeal pouches (Piotrowski and Nusslein-Volhard, 2000),
heterodimers in which the RXR partner is transcriptionallythe growth failure of the first pouch might account for the
active on its own, mediate the teratogenic effects of retinoidiision of the first two BAs in embryos exposed to retinoids at
on the branchial region. However, the RXR-selective ligand developmental stage equivalent to mouse EB8.0. Interestingly,
can reveal the dysmorphogenetic effects of the RAGonist  treating E9.0 mouse embryos with RA leads to disruption of
at a concentration that, on its own, is not teratogenic. Thughe third pharyngeal pouch and branchial cleft, along with a
retinoid-induced teratogenesis of BAs is mediated througfusion of the third and fourth BAs, which is accompanied by
ectopic activation of RAB/RXR heterodimers, in which the a marked increase dfloxa3 expression in the pharyngeal
ligand-dependent activity of RXR is subordinated to that of itendoderm (Mulder et al., 1998). These data and our present

ligand-bound RAR partner. findings support the view that craniofacial, thymic and

) ) _ cardiovascular defects observed in RAE, as well as in
The pharyngeal endoderm is a primary target tissue genetically determined neurocristopathies (Jerome and
of RA-induced teratogenesis Papaioannou, 2001), can all result from an abnormal function

Because of the multiplicity and complexity of malformationsof the pharyngeal endoderm.
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BMS453 acts in vivo as an RAR [3-selective agonist We thank P. Reczek and C. Zusi for the gift of synthetic retinoids,
displaying RAR a- and RAR y-selective antagonistic and C. Dennefeld, I. Tilly, B. Weber, B. Féret, G. Kimmich, M. C.
properties Hummel and the animal facility staff for technical assistance. This

Retinoids (notably RA) are widely used in cancerWork was supported by funds from the Centre National de la
chemoprevention, as well as for treating oncological angscherche Scientifique (CNRS), the Institut National de la Santé et

; ; . ~ la Recherche Médicale (INSERM), the Hopital Universitaire de
dermatological diseases (Lotan, 1996; Nason-Burchen trasbourg, the College de France, the Institut Universitaire de France,

and Dmitrovsky, 1999). However, undesirable Slde'mﬁfectst’he Association pour la Recherche sur le Cancer (ARC) and Bristol-

including toxicity and teratogenicity, are observed UPOfviyers Squibb. N.M. was supported by a Ministére de I'Education

treatment with RA, most probably because of the panRAR andationale et de la Recherche fellowship.

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 sj

hybridization analyses (Ruberte et al., 1991) have establish

that t.he three RARs dISplay_dIStht expression proflles at E83§|Ies, A. J. and Sulik, K. K. (1992). Pathogenesis of retinoid-induced

(i.e. just a few hours earlier than the developmental stagehindbrain malformations in an experimental modglin. Dysmorphol.1,

illustrated in Figs 7 and 11). During this time period, both 187-200.

neurectoderm and mesenchyme of the head region stronghjucci, Lt and i‘rotn%mey%n H-(foféi- nghBe promise of retinoids to fight
HE™ against cancenat. rev. Cancetd, - .

express RAR, \.Nhereas the tail tISSlTIeS Strongly EXpress RAR. Ang? H. L., Deltour, L., Hayamizu, T. F., Zgombic-Knight, M. and Duester,

RARB tran_scrlpts are present In trunk. tissues an_d n g, (1996). Retinoic acid synthesis in mouse embryos during gastrulation

mesonephric duct, but are not detectable in the forebrain andand craniofacial development linked to class IV alcohol dehydrogenase gene

tail regions. The overlap between (1) the expression domainsexpressionJ. Biol. Chem271, 9526-9534. _

of RARa, B andy during normal embryonic development, and A2 i Pk BTERN M o oo o retinolo 2 receplors:

(2) the distribution of reSpons.lve Ce”S. in RaRelective comparati’ve toxicokinetics and embr?/onic exposAreh. Toxicol.73, 547p-

agonist BMS753-, RAR-selective agonist BMS453- and 5sg.

RARy-selective agonist BMS961-treated embryos indicategegbie, J., Brunet, J. F,, Rubenstein, J. L. and Graham, A(1999).

that RA signals are transduced preferentially by RAR Induction of the epibranchial placod&evelopmenii26, 895-902.

; ; ; Blumberg, B., Bolado, J., Moreno, T. A., Kintner, C., Evans, R. M. and
tissues of the embryomc head, by HZ\R] tissues of the Papalopulu, N. (1997). An essential role for retinoid signaling in

embryon'c neck, and bY RAR” t'ssues_ of the embryon'c t_a'l', anteroposterior neural patternirigevelopment 24, 373-379.

Interestingly, BMS453-induced ectopic activation of retinoidsolande, R. P.(1997). Neurocristopathy: its growth and development in 20

signalling in the hindbrain and BA endoderm is accompanied years.Pediatr. Pathol. Lab. MedL7, 1-25.

by a decrease of signalling in the forebrain and tail region8oting. J. ggz”:’éc'gbtso;/g?ﬁgga » :\'e'(':sesrgg'r - and berimann, B997). - ed
. s H . . 1IN0l | 1IN0l | \V

(F_Ig. 11).' A similar decrease is Ol.)served in the forebrain a?”d through both subunits providing a basis for synergistic transactivation and

tail regions upon treatment with a panRAR antagonist cejular differentiationJ. Biol. Chem272, 9443-9449.

(Wendling et al., 2000), as well as in embryos carrying &hambon, P.(1996). A decade of molecular biology of retinoic acid receptors.

null mutation of the RA-generating enzyme RALDH2 FASEB J10, 940-954. ,

(Niederreither et al., 1999). Therefore, this decrease resuftgen:” ¥- P e”éﬁgﬁ'gﬁf”gwi'ﬁ'aJéiﬂ?%“eeylf"Fffg?g?é,)M"Rf\télfé’cff}f”

from a blOCk_m RA's!gnaIImg a_nd hOt from a tOXI(; effect of agonist/antagonists ~ which  dissociate transactivation and APl

BMS453, which definitely acts, in vivo, as a bona fide BAR  transrepression inhibit anchorage-independent cell prolifersEbBO J.

selective agonist displaying an R&ARnd RARy antagonistic 14, 1187-1197.

activity. This is in keeping with data obtained in vitro in stablyChiba, H., Clifford, J., Metzger, D. and Chambon, P.(1997). Distinct
transfected cells (Chen et al. 1995). retinoid X receptor-retinoic acid receptor heterodimers are differentially

. S . . involved in the control of expression of retinoid target genes in F9
Interestingly, anteriorization of RARexpression triggered  empryonal carcinoma celldol. Cell. Biol. 17, 3013-3020.
by BMS453 has to be mediated by RARself and not by Coberly, S., Lammer, E. and Alashari, M. (1996). Retinoic acid
other RARs as: (1) BMS453 antagonizes RA&1d RAR/ embryopathy: case report and review of literatBegliatr. Pathol. Lab. Med.
; ; ; . Rpﬁil 16, 823-836.
Slg?)a”mg n th? embr:y%’ anr? (23 :reaztment of l.lh Collins, M. D. and Mao, G. E.(1999). Teratology of retinoid#Annu. Rev.
embryos carrying theRarehsp68-lacZ transgene wit Pharmacol. Toxicol39, 399-430.
BMS453 does not affect the patternla¢Z expression in the copp, A. J. and Cockroft, D. 1. (1990). Dissection and culture of
pharyngeal endoderm (Fig. 7). Thus, even though the levels ofpostimplantation embryos. IRost-implantation Mammalian Embryos: A
RAR transcripts are below the threshold for detection in the $£?Et'%a'fc";%p{?r?‘32(res‘_’t-y %r;'gkw"(’d and B. D. Hames), pp. 15-40. New
. H . OX \Y | .

_ante_rlor pharyngeal .endOd_erm (Flg. 9)' I B 2 to be_pres_ent ouly, G., Creuzet, S., Bennaceur, S., Vincent, C. and Le Douarin, N. M.
in this region where it can induce its own promoter if activated (2002). Interactions between Hox-negative cephalic neural crest cells and
by a ligand. This observation is in keeping with data obtained the foregut endoderm in patterning the facial skeleton in the vertebrate head.
from cultured cells (Roy et al., 1995; Taneja et al., 1996; Chiba Developmeni29 1061-1073. _
et al., 1997). Many pre-malignant and malignant cells exhibif€ €. H., Vivanco-Ruiz, M. M., Tiollais, P., Stunnenberg, H. and Dejean,

d d RAB expression (Sun et al 2000) whereas forced- A. _(1990). Identification of a retinoic acid responsive element in the retinoic
areduce p " ’ acid receptor beta gendature343 177-180.
recovered expression of RBRN breast cancer cells restores pécimo, D., Georges-Labouesse, E. and Dollé, B1995). In situ
RA-induced growth arrest and apoptosis (Seewaldt et al., hybridization to cellular RNA. liene Probes: A Practical Approactol.
1995)_ As the RAB-seIective agonist BMS453 does not 2 (ed. B. D. Hames and S. J. Higgins), pp. 183-210. New York: Oxford

: . . University Press.
activate RAR: and RAR./’ it could .be less toxic than RA, and Deutsch, U., Dressler, G. R. and Gruss, P1988). Pax 1, a member of a
therefore of therapeutic value in the treatment of cancerspajred hox homologous murine gene family, is expressed in segmented

characterized by reduced RBRXxpression. structures during developmef@ell 53, 617-625.
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