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Multiple points of interaction between retinoic acid and FGF
signaling during embryonic axis formation
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Summary

Anteroposterior (AP) patterning of the developing CNS is that posterior expression of FGFR1 and FGFR4 was
crucial for both regional specification and the timing of dependent on the expression ofRARa2. Anterior
neurogenesis. Several important factors are involved in AP expression was also altered witiFGFR1 expression being
patterning, including members of the WNT and FGF lost, whereasFGFR4 expression was expanded beyond its
growth factor families, retinoic acid receptors, and HOX normal expression domain. RAR:2 is required for the
genes. We have examined the interactions between FGF expression of XCAD3 and HOXBY9, and for the ability
and retinoic signaling pathways. Blockade of FGF signaling of XCAD3 to induce HOXB9 expression. We conclude
downregulates the expression of members of the RAR that RARa2 is required at multiple points in the
signaling pathway, RARa, RALDH2 and CYP26  posteriorization pathway, suggesting that correct AP
Overexpression of a constitutively activeRARa2 rescues neural patterning depends on a series of mutually
the effects of FGF blockade on the expression ®fCAD3 interactive feedback loops among FGFs, RARs and HOX
and HOXB9. This suggests that RAR?2 is required as a genes.

downstream target of FGF signaling for the posterior

expression ofXCAD3 and HOXB9. Surprisingly, we found  Key words: Retinoic acid, FGKenopusXCAD3

Introduction the activation-transformation model of neural patterning

Anteroposterior (AP) patterning of the developing neural tubgvherein Fhe initial basal state of the neural ectoderm is anter_ior
is a crucial early step in the generation of the vertebrate nervotidth additional factors being required to generate the posterior
system. The isolated animal pole (animal cap) of a blastula staB@"s of the nervous system (Eyal-Giladi, 1954; Nieuwkoop,
Xenopus embryo forms epidermal tissue when cultured, 952). The major components of the activation S|gn_al are FGF
although dissociated animal cap cells will express neurgd"d WNT signals that act before gastrulation to induce the
markers (Sato, 1989). Animal caps cultured in the presence 8fganizer to secrete inhibitors of BMP and WNT signaling
molecules normally expressed in Spemann’s Organizer such Sich as noggin, chordin, cerberus, follistatin and dickkopf
noggin, follistatin or chordin become neuralized in the absenc@Uring gastrulation (reviewed by Harland, 2000). In turn, these
of mesoderm induction (Hawley et al., 1995; Hemmatiinduce the neuroectoderm to adopt an anterior fate.
Brivanlou et al., 1994; Hemmati-Brivanlou and Melton, 1994; The transformation signal has been more elusive and is only
Holley et al., 1995; Lamb et al., 1993). These neural inducef&cently becoming better understood. It has previously been
are required in the ectoderm to block activity of BMP-4, ashown that basic fibroblast growth factor (bFGF, FGF2) could
secreted TGE growth factor superfamily member (Hawley et posteriorize anterior neuroectoderm in vitro, suggesting an
al., 1995; Holley et al., 1995; Xu et al., 1995) that normally acténdogenous role for FGFs in neural induction and patterning
to repress neural fate. Organizer-expressed neural inducifgox and Hemmati-Brivanlou, 1995; Kengaku and Okamoto,
genes neutralize BMP activity by directly binding to them,1995; Lamb and Harland, 1995) (reviewed by Doniach, 1995).
thereby blocking BMP inhibition of neural fate (Fainsod et al.eFGF (FGF4) overexpression posteriorizes the axis via
1997; Piccolo et al., 1996; Zimmerman et al., 1996). induction of downstream geneécad3 and Hoxa7 in vivo

The direct neural inducers described above generate neuf&lownall et al., 1996); and inhibition of FGF signaling via
tissue of anterior character (Hawley et al., 1995; Hemmatieverexpression of the dominant-negative FGF recepXiF,
Brivanlou et al., 1994; Hemmati-Brivanlou and Melton, 1994;reduced the expression of the posterior markipXA7 and
Holley et al., 1995; Lamb et al., 1993). These findings suppoXCAD3(Pownall et al., 1996). Papalopulu and colleagues have
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shown that FGF8 acting through FGFR4 (rather than eFG&nd nodal, for formation of the tail organizer in zebrafish
acting through FGFR1) is likely to be the major FGF pathwayAgathon et al., 2003). Krumlauf and colleagues recently
in neural posteriorization (Hardcastle et al., 2000). showed that the WNTPB/catenin pathway posteriorizes

We and others have shown that signaling through retinoi¥enopusneural tissue via an indirect mechanism requiring
acid receptors (RARS) is necessary for correct AP patterningcGF signaling, suggesting that the posteriorization pathway
Hindbrain and posterior patterning is abnormal in vitamin A-might be WNT-FGF- XCAD3 - posterior HOX genes
deficient quail (Maden et al., 1996) and rats (Dickman et al(Domingos et al., 2001). This model does not account for
1997; White et al., 1998), and these defects can be reversedthg observation that inhibiting RAR signaling blocks the
appropriate temporal administration of retinoic acid (RA). Weexpression of posterior neural markers, while FGF and WNT
used overexpression of a dominant-nega®#drto show that signaling are presumably normal (Blumberg, 1997; Blumberg
signaling through RARs is required for the expression of thet al., 1997). Therefore, we aimed to determine where RAR
posterior markerslOXB9 N-tubulinandXLIM1 (Blumberg et  signaling fits into the scheme of neural posteriorization.
al., 1997). Positional changes were observed in the hindbrainWe hypothesized that as both FGF (Isaacs et al., 1998;
along with posterior coordinate shifts in the expression oPownall et al., 1996) and retinoid signaling (Blumberg et al.,
anterior markers. By contrast, locally increasing RAR1997) are required for the expression of posterior markers,
signaling yielded the opposite result (Blumberg et al., 1997these pathways might converge on one or more common target
Others showed that retinoid signaling was required to specifyenesXCAD3is a key downstream gene in the FGF-mediated
positional identity in the hindbrain (Kolm et al., 1997; van dermposteriorization pathway (Isaacs et al., 1998; Pownall et al.,
Wees et al., 1998). Overexpression ofXlemopusetinoic acid  1996) and retinoids have been shown to influence the
hydroxylase CYP2§, which targets RA for degradation, leads expression of caudal family genes in other systems (Allan et
to expansion of anterior structures (de Roos et al., 199@l., 2001; Houle et al., 2000; Prinos et al., 2001). Therefore,
Hollemann et al., 1998), whereas inhibition &fYP26 we tested the effects of modulating retinoid signaling on
expression led to expansion of posterior structures (Kudoh #te expression of XCAD geneXCAD3 is upregulated by
al., 2002). Overexpression of the RA biosynthetic enzyméncreasing RAR signaling and downregulated by inhibiting
RALDH2 led to reduction of anterior structures (Chen et al. RAR signaling or the expression d®ARx. Morpholino
2001).RALDH2loss of function led to a variety of axial defects antisense oligonucleotide (MO) mediated inhibitiorR&fRa2
in mice, including axial shortening, loss of posteriorexpression led to loss ofCAD3 and HOXB9 expression,
rhombomere identity, limb buds and a variety of retinoic acicconfirming that RARs are required for posterior gene
inducible molecular markers (Niederreither et al.,, 1999)expression. Epistasis experiments showed tREBF8
Lumsden and colleagues recently showed that RA is theverexpression could not rescue the effectfRAR loss of
endogenous transforming factor active during hindbraifunction on XCAD3 or HOXB9 expression. However,
patterning and that it acts in a concentration-dependent fashiowerexpression of a constitutively acti®RAR (but not RA
to specify the identity of rhombomeres 5-8 (Dupe andreatment) rescued the effects of FGF gene loss of function on
Lumsden, 2001). Together, these results indicate that retinoXiCAD3andHOXBQ This suggests that FGF signaling is not
signaling through RARs is essential for correctly restricting thelownstream of RAR signaling but that RAR might be
expression of anterior genes, and to enable the expressionduwnstream of FGF. FGF receptor function was required for
posterior marker genes. It should also be noted that RA couttie expressioRARY, RALDH2andCYP26in whole embryos,
posteriorize anterior neuroectoderm injected with XFD,and FGF8 microinjection induced expressiofRéiRy, CYP26
whereas FGF could not (Bang et al., 1997). Therefore, bottind RALDH2 in the animal cap assay. Taken together, these
retinoid and FGF signaling can posteriorize anterior neuralesults suggest that RAR is downstream of FGF signaling.
tissue in vitro, perhaps acting synergistically, as was suggestétbwever, we also found that RAR is required for the correct
previously based on transplantation experiments (Cho and @xpression o0FGF8, FGFR4andFGFRY, and that RA induces
Robertis, 1990). expression ofFGF8, FGFR1 and FGFR4 in animal caps,

A role for WNT signaling in posteriorizing the embryonic arguing against a simple linear pathway. Co-injection of
axis has been suggested by studies showing that overexpressxi®tAD3mRNA and an MO directed against RAR2 (RAR-
of XWNT3Aposteriorized anterior neuroectoderm (McGrew etMO) showed that regulation of HOXB9 expression by XCAD3
al., 1997; McGrew et al., 1995). Blockade of XWNT8 requires RAR2 function, thus placin@ARx2 both upstream
signaling caused loss of posterior fates (Bang et al., 199@nd downstream of XCAD3. Last, we show th&€AD3
Fekany-Lee et al., 2000; McGrew et al., 1997), whereasxpression requires RAR function for its correct expression at
inappropriate activation of WNT target genes caused by losstage 16 but not at stage 26. These data suggest the existence
of the headles$tf3gene resulted in severe anterior defects irof a mutually reinforcing feedback loop among FGF8/FGFR4,
zebrafish (Kim et al., 2000). The combination of ectopic FGEXRARa and XCAD3. Thus, it appears that RAR signaling is
or WNT signaling and suppression of RA by overexpressiomequired at multiple steps in the embryonic posteriorization
of CYP26 has been shown to leave the presumptivgpathway, suggesting that RAR and FGF signaling have
neuroectoderm without any AP identity (Kudoh et al., 2002)multiple points of interaction rather than being in a simple
Loss-of-function and genetic analysis has shown that WNT8 iénear pathway.
an important transforming factor in zebrafish Xesopusand
that either WNTS8, or a factor crucially dependent on WNTBM .
for its expression is an endogenous neural transforming fact aterials and methods
(Erter et al., 2001; Lekven et al., 2001). It has recently beelambryos
shown that WNT8 signaling is required, together with BMPXenopusggs were fertilized in vitro as described (Koide et al., 2001)
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and embryos staged according to Nieuwkoop and Faber (Nieuwkoc
and Faber, 1967). Treatments with RAR agonists and antagonists we
performed as described (Blumberg et al., 1996; Blumberg et al., 199
Koide et al., 2001).

St. 9 St. 14

Microinjection

Morpholino antisense oligonucleotides (MO) used in this study wer:
the following: XRARx2.1, AAC TGA CCA TAG AGT GGA ACC
GAG C; XRARxr2.2, ATC CAA AGG AAG GTG AGT GTG TGT G.

In all experiments using MO, control embryos were injected with 2(
ng of standard control MO CCT CTT ACC TCA GTT ACA ATT TAT
A (GeneTools). The following plasmids were constructed by PCF
amplification of the protein-coding regions of the indicated genes an
cloning into the expression vector pCDG1l or pCDG1-VP16:
XRAR2.2 (Sharpe, 1992) anXCAD3 (Northrop and Kimelman,
1994). mRNA was prepared from these plasmids as well as pSP3€
XFD (Amaya et al., 1993) and pCS2-FGF8 (Hardcastle et al., 200(
using mMessage Machine (Ambion).

St. 10 St. 15

St. 10 St. 16

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as described (Koid:
et al., 2001). Probes used in this study were the follovHi@XB9
(Sharpe et al., 1987XCAD1, XCAD2(Blumberg et al., 199DYCAD3
(Northrop and Kimelman, 1994RARx (Blumberg et al., 1992),
FGF8 (Hardcastle et al., 20005GFR4(Hongo et al., 1999), FGFR1
(Amaya et al., 1993)XRALDH2(Chen et al., 2001) andYP26(de
Roos et al.,, 1999). Lineage analysis using 100 pg/embry@- of
galactosidase was performed as described (Blumberg et al., 199
except that the chromogenic substrate was 5-bromo-6-chloro-
indolyl B-D-galactopyranoside (magenta-gal, Biosynth AG), which
produces an insoluble red precipitate after cleavafedajlactosidase
(Sambrook and Russell, 2001).

St. 11 St. 18

St. 12.5 St. 25

®

Fig. 1. Developmental expression ERARy. Whole-mount in situ
hybridization was performed on embryos from stage 9 to stage 25
using a probe that recognizes all isoformXBARx. (A) Dorsal
QRT-PCR (left) and ventral (right) view of a stage 9 embryo.

(B,D,F,H,J) Frontal views. (C) A dorsal view of the stage 10 embryo.

Embryo RNA was isolated using Trizol reagent (InVitrogen Life E) A vegetal view of the stage 10 embrvo. Note the sharp anterior
Technologies), DNAse treated and LiCl precipitated, then reverséo)rde\r/o? stror\:lg \gtalnlng 9 yo. P I

transcribed using Superscript Il reverse transcriptase according to t
manufacturer-supplied protocol (InVitrogen Life Technologies). QRT-

PCR was performed as described (Tabb et al.,
following primer sets:FGF8, 5 AATCCTGGCGAACAAGAAGA
and 3 TAACCAGTCTCCGCACCTTT; FGFR4 5 GCCAGCTG-
GTAACACAGTCA and 3 TGATGGAACCACACTCTCCA; eFGF,
5 GTTTTACCGGACGGAAGGAT and ‘3 TCCATACAGCTT-
CCCCTTTG; FGFR1 5 GGTGTCCAGCAAATGGAACT and 3
ATGGGACAACGGAATCCATA; XCAD], 5 CAGCCTTGTGTT-
GGGGTATT and 3 GGTTTCCTGAGCCATTCGTA; XCAD2 5
ACCAGCGCCTTGAATTAGAA and 3 GAGTGGTTGTTG-
AGGCCTGT,; XCAD3 5 AAGGGCAGCCTATGGAGTTT and 3
GTCCCAGATGGATGAGGAGA; XRARr, 5 ATCAAGACGGTG-
GAATTTGC and 3 CAGTCCGTCAGAGAACGTCA; RALDH2
5 GCCCTTTTGATCCCACTACA and '3 TCTTCCCAATGCT-
TTTCCAC; CYP26 5 TGTTCGTGGTGGAATTGTGT and '3
TTAGCGGGTAGGTTGTCCAC; Histone H4,' SAACATCCAGG-
GCATCACCAA and 3AGAGCGTACACCACATCCAT.

Each primer set was found to amplify only a single band
determined by gel electrophoresis and melting curve analysis.

Results

Expression patterns of
development

RARa in early Xenopus

2003) using t

'%%(pressed zygotically irXenopus(Blumberg et al., 1992;
Koide et al., 2001; Sharpe, 199XRARx2 is expressed as two
different forms XRARr2.1andXRARx2.2that are presumably
the product of the pseudotetraploid nature of Xemopus
laevis genome (Sharpe, 1992). We performed a detailed
analysis of the temporal and spatial expressiotRARY using
whole-mount in situ hybridization. Although, the probe used
for in situ hybridization can detect all isoforms RARy, its
temporal expression pattern indicates that the detected signal
is derived fromXRARx2 (Koide et al., 2001; Sharpe, 1992).
Zygotic expression dRARx2 was detected at as early as stage
9 and by stage 10 as a faint signal in the involuting surface
layer surrounding the blastopore (Fig. 1E), and became
stronger as gastrulation proceeded (Fig. 1G,l) (Koide et al.,
a®001). During neurula stages (stage 14-BARx expression
was detected predominantly in the posterior neural tube with
weaker staining throughout the embryo (Fig. 1B,D,F,H). As
previously reported (Sharpe, 1992) the strong staining of
XRARx2 has a sharp anterior border (Fig. 1J). Lower level
expression continues anteriorly with prominent later
expression in the developing eyes (Fig. 1J).

RARx is expressed as two major isoforms during early
developmentXRARY1 and XRAR:2 (Sharpe, 1992). These RARa loss-of-function causes anterior and posterior
isoforms are the result of alternative promoter usage in mo#tncations

vertebrates (reviewed by Chambon, 1996). BR&Rx1 and
RARx2 are expressed maternally; however, oRRRa2 is

To investigate the function of RAR, we used morpholino
antisense oligonucleotide-mediated loss-of-function analysis
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(Heasman et al., 2000; Koide et al., 2001). MO were prepareghd 1 ng of rescue construct per whole embryo (or 5 ng of
to specifically inhibit the expression of eithéRARr2.1 or RAR-MO for unilateral injections) for the experiments
XRARx2.2 Microinjection of the XRAR2.1 MO was described below.

nontoxic and did not elicit a phenotype at doses up to 20 XRARxis expressed in the region surrounding the blastopore
ng/embryo (data not shown). By contrast, microinjection of thén gastrulating embryos (Fig. 1E,G), overlapping the reported
XRAR02.2 MO (hereafter RAR-MO) affected both anterior expression patterns ¥\2WNT8andXBRA(Christian and Moon,
and posterior development in th&enopustadpole (Fig. 2) 1993; Smith et al., 1991). Therefore, we examiX&tNT8
(Koide et al., 2001). Injection of the RAR-MO into both and XBRAexpression in RAR-MO-injected embryos because
blastomeres of the two-cell embryo produced a dose-dependesrhbryos lacking either of these genes showed posterior
spectrum of phenotypes; microinjection of 10 ng RAR-truncations similar to those we found (Conlon et al., 1996;
MO/embryo consistently gave rise to observable phenotypdsoppler et al., 1996). Embryos were co-injected with 5 ng
with varying severity (Fig. 2A-C). We used co-injectionfef RAR-MO and 100 pd¢3-galactosidase mRNA lineage tracer
galactosidase lineage tracer to correlate the observerhilaterally at the two-cell stage, allowed to develop until stage
phenotypes with RAR-MO distribution and found that thell then fixed and processed for in situ hybridization.
phenotypic variation was related to the distribution of theExpression oiXWNT8and XBRAwere not altered in thp-
RAR-MO in the affected embryos. The most severgalactosidase positive regions of the embryo (Fig. 2E,F)
phenotypes were observed when the RAR-MO was distributaddicating that XRAR(2.2 is not required for their expression.
dorsally ©=41/50) (Fig. 2A). Mild phenotypes resulted when Therefore, it is unlikely that the posterior truncations elicited
the RAR-MO was widely distributea$6/50) (Fig. 2b) and no by downregulatingKRARx2.2 expression with the RAR-MO
abnormalities were observed when the lineage tracer wassulted from effects oKWNT8or XBRAexpression.

observed in the ventral or lateral parts of the embmy3/60) We have previously shown that overexpression of a
(Fig. 2c). This lack of a phenotype from lateral or ventraldominant negativ®ARx1 suppressed expression of the spinal
distribution of the lineage tracer was confirmed by targetedord markerHOXB9and the posterior markers XLIM1 and N-
injection into the marginal zone of the two-cell stage embryostubulin (Blumberg et al., 1997). As the dominant-negative
(n=19/21) (not shown). These observations suggest th&ARa used in those experiments can also inhibit expression
XRARx2.2function is predominantly required for developmentfrom RARB and RARy target genes (Blumberg, 1997; Damm
of the dorsal parts of théenopusembryo, consistent with the et al., 1993), we tested whether R&ARvas required for
zygotic expression pattern of this gene (Fig. 1) (Koide et alHHOXB9expression using RAR-MO injected embryos. Five or
2001; Sharpe, 1992). Co-injection of 1 ng RERMRNA with 10 ng of RAR-MO were injected bilaterally into the animal
RAR-MO  consistently rescued the  morphological pole of two-cell embryos that were allowed to develop until
abnormalities (Fig. 2D) (Koide et al., 2001). Doses higher thastage 18 then fixed for whole-mount in situ hybridization.
20 ng of RAR-MO/embryo were lethal and injection of moreHOXB9expression was inhibited in a dose-dependent manner
than 10 ng per embryo could not be rescued by co-injection ¢Fig. 2H-J) and showed a range of phenotypes that could be
the rescue construct. Therefore, we used 10 ng of RAR-M®@lassified into three groups. Class | embryws5(23 for 5 ng
MO, n=0/30 for 10 ng MO) showed weaker
HOXB9staining than controls (Fig. 2G) and the
presumptive posterior neural tube region
(marked byHOXB9expression) was wider than
that of control embryos (Fig. 2HHOXB9
expression in class Il embryos (10/23 for 5 ng
MO, 5/30 for 10 ng MO) was weaker yet
and the expression boundary was shifted
posteriorly (Fig. 2I). Class Ill embryos
Rescue expressed HOXB9 only in the posterior
terminus of the embryo (5/23 for 5 ng MO,

Fig. 2. XRAR«a2.2 loss-of-function leads to axial
truncations and reduction BIOXB9expression.
(A-D) Microinjection of RAR-MO causes anterior
and posterior truncations at highest frequency when
expressed in the head region (A) or dorsally (B).
(C) Phenotypes are mild to undetectable when the
lineage tracer is distributed laterally or ventrally.
(D) Phenotypes are rescued by co-injection of
XRARr2 mRNA, irrespective of where the lineage
tracer is located. (E,F) Neith¥BRA(E) nor
XWNT8(F) expression is affected by RAR-MO
injection. (G-K) Effects of RAR-MO on the
expression oHOXBAQ (H-J) The types of
phenotypes obtained. (KJOXB9expression was
restored by co-injectingyRARMRNA and RAR-

MO.



25/30 for 10 ng MO) (Fig. 2I). Comple
suppression oHOXB9 expression by injectic
of 10 ng RAR-MO was not obtained>100).
Co-injection of 1 ngXRARx2 mRNA rescue
HOXB9 expression (26/32 embryos w
normal, 6/32 were class 1) (Fig. 2J). Basec
these observations, we conclude that sign.
through XRARx2.2 is indispensable for t
expression oHOXBY in accord with previot
studies using a dominant-negativéenopu:
RAR (Blumberg et al., 1997).

RA signaling is required for ~XCADS3

expression

The homeobox geneXCAD3 has bee
implicated in the posteriorization pathway ¢
downstream target of eFGF (FGF4) signa
(Isaacs et al.,, 1998; Pownall et al.,, 1¢
Pownall et al., 1996). The embryonic expres
pattern ofXCAD3is strikingly similar to that ¢
HOXB9 (Northrop and Kimelman, 1994). \
identified XCAD3in a screen to identify RA
target genes (R. Niu and B. Blumbe
unpublished), which led us to hypothesize
XCAD3might be a common target for retin
and FGF signaling upstream bfOXBQ Two
approaches were taken to investigate

possibility. First, embryos were treated v
either the synthetic retinoid agonist TTNI
which specifically activates all three subtype
RAR or the antagonist AGN193109, wh
specifically blocks the ability of RARs

activate transcription (Koide et al., 2001). Tt
reagents were chosen because they affect |
but not RXRs (Boehm et al., 1994; Johnsao
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Control Rescue
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 RAR-MO

_ D |

Fig. 3.Modulating retinoid signaling affects the expressioXXGAD3but not
XCADlor XCAD2 (A-C,F-H,K-M) Embryos were treated with the indicated
compound or ethanol solvent controls from the early blastula stage (stage 7) until
harvesting when control embryos reached stage 18. Embryos were fixed and
processed for whole-mount in situ hybridization with the indicated probes.

(A,F,K) 10M AGN193109 (RAR-selective antagonist), (B,G,L) ethanol solvent
control, (C,H,M) 165M TTNPB (RAR-selective agonist). RAR-MO was injected
unilaterally at the two-cell stage wiflhgalactosidase lineage tracer alone (D,I,N) or
together with 1 ng XRAR2 mRNA (E,J,0). Embryos were fixed when controls
reached stage 18, stained sgalactosidase activity and processed for whole-
mount in situ hybridization with the indicated probes. Some embryos were used for
RNA extraction and QRT-PCR analysis as described in the text.

109

Xcad?2

Xcad3

al., 1995). TTNPB treatment enhanced the expression dfhese results indicate that otf{CAD3is regulated by RA in
XCAD3 in the posterior neural tube (Fig. 3M), whereasearly Xenopusmbryos.
significant differences were not observedX@AD1(Fig. 3C)

or XCAD2 (Fig. 3H) compared with control embryos. RA and FGF signaling converge on
suppress¥€CAD3
expression (Fig. 3K), but did not alter expressiorKGAD1

Conversely, AGN193109 treatment

XCAD3

Slack, Isaacs and colleagues have showrk@atD3is a direct
target for FGF signaling and that an important embryonic

(Fig. 3A) orXCAD2(Fig. 3F). QRT-PCR analysis showed that posteriorization pathway begins with eFGF (FGF4) activation
XCAD3 was slightly upregulated by TTNPB (1.3-fold) and of XCAD3 which induces expression &fOXA7 and other
strongly downregulated by antagonist (2.5-folCAD1was  posterior HOX genes (Isaacs et al., 1998; Pownall et al., 1996).
downregulated by both TTNPB and 193109 (indicating a nonfhey showed that XCAD3 was necessary and sufficient to
specific effect on gene expression) 2@AD2was slightly activate posterior HOX genes (Isaacs et al.,, 1998). Our
downregulated by TTNPB (1.5 fold) but not affected byprevious results (Blumberg et al., 1997) and those described
AGN193109 (1.07 fold up) (data not shown). above show that RAR signaling is also required for the
We next tested the requirements for XRER2 signaling on  expression of posterior markers suchH@&3XB9and XCAD3
XCAD gene expression using RAR-MO mediated loss-of-As both retinoid and FGF signaling appear to be important for
function. Two-cell embryos were unilaterally injected with 5the expression of posterior genes, we carried out epistasis
ng RAR-MO and 100 pf-galactosidase mRNA, fixed when experiments designed to reveal the relationship between RAR
controls reached the late neurula stage (stage 16-18), aadd FGF signaling.
stained for B-galactosidase activity. Embryos exhibiting bFGF (FGF2) treatment of neuralizedenopusanimal cap
appropriate-galactosidase staining were selected for in sitiexplants induces posterior gene expression (Bang et al., 1997,
hybridization. XCAD3 expression was suppressed in 10/12Papalopulu and Kintner, 1996). Recent publications suggested
RAR-MO injected embryos (Fig. 3N) and was rescued by cothat FGF8 is likely to be the bona fide posteriorizing FGF
injection of XRARr2 mRNA (Fig. 30). In agreement with the acting in the early embryo (Christen and Slack, 1997;
retinoid treatments, expressionXCAD1(n=12) andXCAD2 Hardcastle et al., 2000; Hongo et al., 1999); hence, we next
(n=12) showed no significant differences between the injectetésted the effects of microinjectif§sF8 MRNA, RAR-MO or
side and the uninjected contralateral control (Fig. 3D,E,l,JYoth together. Bilateral microinjection of 25 pF8 mRNA
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into two-cell embryos led to ectopic a RAR-MO
Control RAR-MO FGF8 +FGF8 Unilateral

enhanced expression¥€AD3andHOXB9
in anterior neural tissuesn£16/19; Fig
4C,H). The observed anterior expansiol
XCAD3 and HOXB9 was similar to the
observed foeFGFoverexpression (Pown:
et al., 1996). We next asked whether F
signaling is downstream of RAR signali
by testing whethelFGF8 overexpressio
could rescue the effects of the RAR-MO
posterior gene expression. Injection
RAR-MO (10 ng) suppressed expressiol
XCAD3 (n=8/11) and HOXB9 (n=10/11)
(Fig. 4B,G). Co-injection of as much as
pg of FGF8 mRNA could not rescu
expression of either gene<10/11 for eacl

gene; Fig. 4D,l). Lineage traced, unilate

microinjections confirmed this observat Fig. 4. FGF8 cannot rescue the effects of XRiR2 loss-of-function on posterior marker
(Fig. 4E,J). Therefore, we infer that FG ~ 98Nnes: Embryos were microinjected at the two-cell stage with the indicated reagents,
signaliné is not dO\,antream of R/ allowed to develop until controls reached stage 18 and processed for whole-mount in situ
signaling hybridization with either HOXB9 (A-E) or XCADS3 (F-J) probes.

It has previously been shown tl
expression of a dominant-negative FGF receptdfFGFR1  that FGF signaling regulates the RAR signaling pathway.
mutant KFD) in early Xenopus embryos suppressed Therefore, we examined the effects of XFD-mediated FGF
expression oHOXB9and XCAD3(Pownall et al., 1998). We loss-of-function on the expression of mRNAs encoding
confirmed this observation by microinjecting 1 ng XFD mRNAXRARY, the RA-synthesizing enzynfRALDH2 and the RA-
together with 100 pg of-galactosidase mRNA into one degrading enzym€YP26 Embryos were fixed at stage 11 and
blastomere of two- or four-cell embryos. Embryos were fixedhose showing-gal expression in the region of the blastopore
and stained forp-galactosidase activity when untreatedwere selected for in situ analysis. As previously reported, XFD
siblings reached stage 1&FD injection typically delays blocks XCAD3expression at this stage (Pownall et al., 1998;
morphogenesis during gastrulation and neurulation leaving tieownall et al., 1996) (Fig. 6B)XRARr and XCAD3 are
dorsal side of the embryos open, showing endodermal cells thetpressed in similar patterns at stage 11 and we found that
would otherwise be covered by the mesodermal anXFD also inhibits the expression ofRARy (Fig. 6d).
ectodermal layers during gastrula and neurula stages (Amagarikingly, XFD also led to the downregulation RALDH2
et al., 1991) (Fig. 5). As the closing edge of the ectodermal
layer of XFD-overexpressing embryos is the presumptive
posterior neural tube region, we selected embryos showir DN-FGFR +RA +VP16-RAR
B-galactosidase staining in this region for in situ analysis
HOXB9 and XCAD3 expression were unaffected in the
uninjected side whereas the neural tube region of the injecte
side did not express eithelOXB9or XCAD3(n=40/40) (Fig.
5A,D). Treatment of XFD-overexpressing embryos with
106 M all-transRA did not rescue expression of either
HOXB9or XCAD3in the injected sidenE12/12) (Fig. 5B,E).
Co-injection of 1 ngXRARx2.2 mRNA with XFD partially
rescuedHOXB9 (n=4/10) andXCAD3 (n=2/10) expression
(data not shown). Co-injection of the constitutively active
VP16-XRAR02 (Blumberg, 1997; Koide et al., 2001) yielded o
nearly complete rescue of bd#©OXB9(n=14/16) andXCAD3 E:
(n=16/16) (Fig. 5C,F). Complete rescue by the constitutively X<
active (ligand-independent) RAR and partial rescue by th
wild-type RAR suggests that both the expressioiRARY2.2
and the synthesis of RA are deficienKigD injected embryos.

Hox-B9

Xcad3

Hox-B9

|| J/
v

XRARa2.2 is required for FGF signaling to induce posterioref;?gt‘:‘n ?Cfrgicr']‘j':eg‘zgeulrc]’”s;t'eorf:l:;”g:':’h”ec;cvgzs‘;frs'?;g@"’\‘éﬁf‘rs' Embryos
genes in the neura! eCFOde.rm’ which may place RAFévalactosidase MRNA as lineage tracer and (A,D) 1 ng of XFD
downstream of FGF signaling in neural patterning. MRNA, (B,E) 1 ng o) FD mRNA then treated with 1M atRA, or

. L . . (C,F) 1 ng oiXFD and 1 ng VP16-XRAR2 mRNA. When control
F.GF s.lgnallng is required for the expression of RA embryos reached stage 18, the embryos were fixed, stain@d for
signaling pathway components galactosidase activity and processed for whole-mount in situ

One possible explanation for the results described above ligbridization with eitheHOXB9(A-C) or XCAD3(D-F) probes.
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Fig. 7.FGF8 and RA induce members of the other signaling
pathways in animal caps. Embryos were microinjected with mRNA
encoding FGF8 mRNA. Caps were cut from FGF8 or control
embryos at or before stage 9 and allowed to develop until untreated
sibling embryos reached stage 20 in the presence or absence of
10-%M all-trans RA. RNA was prepared from the caps and control
Fig. 6. FGF gene loss of function alters the expression of RAR embryos and QRT-PCR analysis performed with the indicated primer
signaling pathway components in microinjected embryos. Embryos sets. Experiments were performed in triplicate and reproduced in
were microinjected unilaterally into one blastomere at the two- or  independent experiments (Student’s patresht).P<0.03 for all data
four-cell stage with 1 ng 0{FD mRNA andp-galactosidase mMRNA  gets.

as lineage tracer. Embryos were allowed to develop until controls

reached stage 11 then fixed and processed for whole-mount in situ

RALDH2or (G,H)CYP26 Although it is clear from the results shown above that the
expression of RAR signaling pathway components requires
FGF function, the effects of removing FGF and RAR function
(Fig. 6F) in the injected cells. These results are consistent withere not identical (compare Fig. 2 with Fig. 5), which cannot
the rescue experiments shown in Fig.C¥P26is normally  be explained by a simple linear pathway. RA treatment led to
expressed dorsally and in the lateral mesoderm of gastrulgpregulation ofFGFR1 FGFR4 and FGF8 compared with
embryos (de Roos et al., 1999; Hollemann et al., 1998). XFdontrols in animal caps (Fig. 7B). We detected small amount
did not inhibit the dorsal expression of CYP26 but stronglyof eFGFin whole stage 18 embryos but were unable to detect
inhibited it in the lateral and ventral regions of the embryo (Figit in animal caps (data not shown). It is possible that RAR
6H). signaling is required for the initiation or maintenance of the
Another approach to show the dependence of RAR on FGEomponents in the FGF pathway; therefore, we decided to test
relies on the ability of FGF8 to modulate the expression ofhe effects of the RAR-MO on FGF signaling pathway
RAR pathway components in animal cap explants. Embryosomponents.
were injected bilaterally at the two-cell stage with 50 pg of RAR-MO was unilaterally microinjected into two-cell
mRNA encoding=GF8 and animal caps were cut at or beforeembryos together witf-galactosidase lineage tracer. Embryos
stage 9 (Sive et al., 2000). The isolated animal caps wetgere fixed when controls reached stage 18-20, stainggt for
either cultured in MBS or MBS containing f0M all-trans  galactosidase activity then processed for whole-mount in situ
RA and allowed to develop until untreated siblings reachetlybridization. The RAR-MO elicited an increase in the size
stage 18 when RNA was prepared from the caps. Thand staining intensity of the anterior lateral epidermal crescent
expression oiXCAD3 XRARr2, RALDH2 CYP26and the expression domain diGF8 (Christen and Slack, 1997) (Fig.
control histone H4 were evaluated using QRT-PCR ir8B), which was restored by microinjectionXRAR2 mRNA
untreated caps whereXCAD3 eFGF, FGF8, FGFR1and (Fig. 8C). Posterior expression near the blastopore was slightly
histone H4 were evaluated in RA-treated caps (Fig. 7). FGFénhanced and extended anteriorly in RAR-MO injected
upregulated the expression BCAD3 XRARr2, RALDH2  embryos (Fig. 8E) and rescued by co-injectionXé&fARx2
andCYP26(Fig. 7A). Taken together with the loss-of-function mRNA (Fig. 8F). Overall, we observed relatively minor, but
experiments described above, this suggests that the expressieproducible changes in the expressioffGF8in RAR-MO
of components in the RAR signaling pathway, in vivo,injected embryos.
depends on FGF signaling. In contrast to the modest effects dFGF8 MRNA
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expression, RAR-MO injection led to strong effects onRA signaling is required both upstream and
FGFR4andFGFR1expression. In the anterior region, RAR- downstream of XCAD3
MO led to a lateral expansion BlGFR4with a concomitant |t has been suggested that posterior HOX genes are regulated
loss of regional boundaries seen in control embryos (Fig. 8%y caudal family genes based on the effecté@AD3loss of
or in the uninjected contralateral side (Fig. 8H). Strikingly,function (Isaacs et al., 1998) and the identification of CDX-
posterior expression 6\GFR4in the spinal cord was strongly hinding motifs in HOX gene promoters (Subramanian et al.,
inhibited by RAR-MO injection (Fig. 8K).FGFR1 was  1995). Knockout and transgenic mouse studies with caudal
strongly downregulated throughout the embryo by RAR-MGramily genes showed alterations in HOX gene expression
injection (Fig. 8N,Q). The effects of microinjecting the RAR- (Charite et al., 1998; Subramanian et al., 1995). Posterior HOX
MO could be rescued by co-injection BRARI2 mRNA,  genes are also known to be sensitive to RA in cell culture
demonstrating its specificity (Fig. 8I,L,O,R). These result§Simeone et al., 1991; Simeone et al., 1990; Simeone et al.,
suggest that signaling through XRAR is required for 1995) and in mouse (Gavalas and Krumlauf, 2000; Kessel,
the correct expression of these FGF signaling pathway9g2; Kessel and Gruss, 1991; Ogura and Evans, 1995a; Ogura
components. and Evans, 1995hb) annopusembryos (Durston et al., 1998;
Godsave et al., 1998; van der Wees et al., 1998). One possible
RAR-MO inferen_ce that can be drawn from the experiments _described
above is that RAR regulaté$OXB9through the function of
control RAR-MO +XxRARa2.2 XCAD3, becauseXCAD3 expression requires XRAR(Figs
& 3, 4). However, those experiments do not rule out the
possibility that RAR signaling directly regulates the expression

FGF8 of HOXB9and perhaps other HOX genes. Several known and
anterior putative retinoic acid response elements have been identified
in HOX genes (Dupe et al., 1997; Huang et al., 2002; Huang
et al., 1998; Marshall et al., 1994; Ogura and Evans, 1995g;
Zhang et al., 1997) suggesting that RAR may act in concert
FGF8 with XCAD3 and perhaps othelr fa(;tors, instead of acting
posterior upstream of XCAD3 within a strict hierarchy. Therefore, we
examined this possibility by co-injecting the RAR-MO
together with XCAD3 mRNA. If XCAD3 is strictly
downstream of XRAR2 in the regulation ofHOXB9
microinjection of XCAD3mRNA should rescue the effects of
RAR-MO onHOXB9 XCAD3overexpression induced ectopic
FGFF.M anterior neural expression ¢10OXB9 (n=8/8; Fig. 9C) as
anterior previously reported (Isaacs et al., 1998; Pownall et al., 1998).
Injection of the RAR-MO alone led to strong downregulation
Control RAR-MO Xcad3
FGFR4
dorsal #
FGFR1
anterior
%
(0]
<
+
FGFR1 g
dorsal o
<
o

st 18 st 23 unilateral

Fig. 8. XRARx2.2loss-of-function alters the expressionF@F8,

FGFR4andFGFR1 Embryos were microinjected unilaterally with  Fig. 9. XRARa2.2 is required for XCAD3-mediated upregulation of
[-galactosidase mRNA plus 10 ng RAR-MO or 10 hg RAR-MO plusHOXB9 Embryos were microinjected with 10 ng RAR-MO (B), 1 ng
1 ngXRARr2 mRNA. Embryos were fixed when control uninjected XCAD3mRNA (C) or 10 ng RAR-MO plus 1 n§CAD3mMRNA
embryos reached stage 18, stained3fgalactosidase activity and (D-F), then allowed to develop until untreated embryos reached
then processed for in situ hybridization Wi F8 (A-F), FGFR4 stages 18 (A-D,F) or 23 (E), fixed and processed for whole mount in
(G-L) or FGR1(M-R) probes. situ hybridization wittHOXBQ



Embryonic axis formation 2661

control

Fig. 10.XCAD3 expression requires
RAR at early but not late stages.
Embryos were treated with either
TTNPB (E-H) or AGN193109 (I-L) at
the blastula stage and cultured until
controls (A-D) reached the indicated
stages, fixed and processed for in situ
hybridization with XCAD3.
(A,C,E,G,I,K) Lateral views;
(B,D,F,H,J,L) dorsal views.

193109

of HOXB9 together with a posterior shift in its expressionactivation-transformation model. Loss-of-function analyses
boundary (Fig. 9B). Co-injection of the RAR-MO ak@AD3 indicate that these factors are all required for posterior
mMRNA led to a substantial reduction in the intensitif@XB9  patterning but the interrelationships and dependencies among
staining compared witKCAD3or control embryosn=10/10)  the pathways were unclear. We focused on the relationship
(Fig. 9D,E) althoughHOXB9expression was never completely between RA and FGF signaling in specifying posterior neural
eliminated. Unilateral injections confirmed th&tOXB9  structures. The observations that both FGF (Isaacs et al., 1998;
expression was reduced by the RAR-MO, even in the presenBewnall et al., 1996) and retinoid signaling (Blumberg et al.,
of overexpressedCAD3(Fig. 9F). These results suggest that1997) are required for the expression of posterior HOX genes
XRAR02 is required both upstream and downstream ofed us to hypothesize that these pathways converge on one or

XCAD3. more common target gene€CAD3is a key downstream gene

] . o ] in the FGF-mediated posteriorization pathway and retinoids
Temporal requirement for RAR signaling in posterior have been shown to influence the expression of caudal family
gene expression genes in other systems (Allan et al., 2001; Houle et al., 2000;

Although the results presented above clearly demonstrate thatinos et al., 2001), making XCAD genes likely targets for
RAR signaling is required for the expression of XCAD3 andboth retinoid and FGF signaling. Indeed, we found that
HOXB9, there are published data from other laboratoriesnodulating retinoid signaling with RAR agonists or
suggesting that retinoid signaling is not required for posterioantagonists predictably altered the expressiod@AD3(Fig.
gene expression (see Discussion). One possible explanation f)rand that RAR2.2 is required for the expressionXtAD3
these disparate results is that posterior gene expression occ(figs 3, 4) andHOXB9(Figs 2, 4).
in two phases. The first would require early retinoid signaling Overexpression of the dominant-negative FGF receptor 1
for the establishment of posterior gene expression, whereas t{¥~D) mRNA suppresses mesoderm formation (Amaya et al.,
second phase would be retinoid independent. In this scenarit®93) and the expression of posterior neural genes (Fig. 5)
the stage at which embryos are analyzed would play affPownall et al., 1998; Pownall et al., 1996). Microinjection of
important role in determining whether or not posterior markerghe constitutively active VP1BRARy2 completely rescued
were expressed. To test this possibility, we treated embryo§CAD3 and HOXB9 expression inXFD-injected embryos,
with either TTNPB or AGN193109 continuously from the whereasXRARx2 led to partial rescue and RA treatment did
blastula stage (stage 9) and then evaluiteAD3expression not rescue at all (Fig. 5). Therefore, we infer that XFD is
at early (stage 16) and late (stage 26) stages. In accordarmvnregulating a crucial component of retinoid signaling. The
with our model, antagonist treatment led to a substantidhilure of RA to rescue the effects ofFD overexpression
downregulation oXCAD3at stage 16 (Fig. 101,J) whereas thesuggests that expression of the receptor itself is the key missing
expression oKCAD3appeared essentially normal at stage 2&omponent, although the incomplete rescue elicited by the
(Fig. 10K,L). TTNPB treatment led to an increaseXitAD3  wild-type receptor also implicates retinoid synthesis. The
expression at stage 16 (Fig. 10E,F), whereas the expression lwahstitutively active receptor does not require endogenous
normalized by stage 26, save for the apparent l0¥C#D3 RARs or RA, and therefore would be expected to rescue if
expression in the extreme posterior of the embryo (Figretinoid is downstream of FGF signaling.
10G,H). Interestingly, this is the same region whe¥d26is Inhibition of posterior gene expression by RAR-MO-
normally expressed (Hollemann et al., 1998). We infer fronmediatedXRARx2.2 loss of function could not be overcome
these results that the early expressionX@AD3 requires by overexpressing=GF8 (Fig. 4) or XCAD3 (Fig. 9). The
retinoid signaling whereas later expression does not. suppression of genes involved in RA signaling such as
XRARx2, RALDH2 and CYP26by XFD injection (Fig. 6) is
Discussion consistent with a model wherein FGF signaling modulates
] o o RAR signaling by regulating the availability of components in
RA and FGF signaling in neural posteriorization the RAR signaling pathway. Zygotic expressionXiARy,
Activities of three distinct types of intercellular signaling RALDH2 and CYP26 is detectable from the onset of
pathways (WNTs, FGFs and retinoids) contribute to theyastrulation in the periblastoporal region (Fig. 6) where various
transforming  (posteriorizing) signal in  Nieuwkoop’s FGF signaling pathway components are also expressed (Golub
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et al., 2000; Hongo et al., 1999; Isaacs et al., 1995; Lombardexpression ofHOXBQ Expression ofHOXB9 (Fig. 9C) is
et al., 1998; Song and Slack, 1994; Song and Slack, 1996). Winited to neural regions afteiXCAD3 overexpression,
note that XRAR, XRARy and bioactive retinoids are all suggesting that other factors are responsible for permitting or
present in the unfertilized egg (Blumberg et al., 1992). As RARestrictingHOXB9expression to the developing neural tube.
signaling is required for the expression of FGF receptors in . . ) ] o
neural tissue (Fig. 9), it is possible that the maternallRAR signaling and regional boundaries within the
expressed RAR genes are permissive for FGF signaling whiétgveloping CNS
is, in turn, instructive for the zygotic expression of RARThe expression oKCAD3 and HOXB9is reduced by RAR
pathway components. antagonists and receptor loss of function. Losg@AD3and

FGF gene andXFD overexpression experiments using HOXB9expression resulting from XFD-mediated blockade of
Xenopuembryos suggested that FGF signaling is essential f&fGF signaling can be rescued by co-injection of the
neural posteriorization (Cox and Hemmati-Brivanlou, 1995constitutively active VP16-XRAR2 (Fig. 5). Therefore, we
Kengaku and Okamoto, 1995; Lamb and Harland, 1995)nfer that RAR functions in the spinal cord region as a
Analysis of transgenic frogs overexpressii§D yielded transcriptional activator, downstream of FGF signaling. This
somewhat conflicting results with one group suggesting thdtinction for RAR is consistent with the restricted expression
FGF signaling is involved in gastrulation, but not inof the RA-synthesizing enzymBALDH?2 in the spinal cord
posteriorization (Kroll and Amaya, 1996), and anotherand lateral mesoderm of early frog embryos (Chen et al., 2001)
demonstrating an absolute requirement for FGF signaling iand with RA rescue of posterior gene expression in XFD
neural posteriorization (Pownall et al., 1998). The discrepandyeated zebrafish embryos (Kudoh et al., 2002Xenopus
between mRNA injections and the two transgenic studies coulghimal cap explants (Bang et al., 1997). Increasing RAR
be due to the different timing and levels of XFD proteinsignaling by microinjecting VP16-XRA&RL (Blumberg,
produced from the transgenic promoters, as opposed to th897), treating embryos with RA or microinjectiX@RALDH2
relatively earlier expression of protein from the microinjectedChen et al., 2001) induces an anterior shift in the expression
MRNA relative to the transgenic promoters. XFD protein mighboundaries of midbrain and hindbrain markers. However, the
not be produced at sufficient levels early enough in th@osition of the anterior border oAOXB9 and XCAD3
transgenicXenopusembryo to completely block the zygotic expression is unaffected by increases in RAR signaling (Fig.
expression of the genes required for RAR signaling. Oub) (Blumberg, 1997; Chen et al., 2001) suggesting that RAR
observations that inhibition of FGF signaling affected thesignaling is not responsible for setting this boundary. When
expression of MRNAs encoding RA pathway components iexpression oHOXB9(Fig. 5C) orXCAD3(Fig. 5F) is rescued
the early gastrula (Fig. 6) and that RAR-MO injection alterdy XRARx2 or VP16XRARx2 in XFD injected embryos, the
the expression of FGF8, FGFR1 and FGFR4 (Fig. 8) suggesasiterior border of the rescued expression is similar to that in
that RAR and FGF signaling crossregulate each other. Thie uninjected control side of the embryo. This argues that FGF
observation that RA upregulaté&sF8, FGFR1and FGFR4  signaling is probably not involved in regulating the anterior
while FGF8 upregulatdRARy, RALDH2andCYP26in animal ~ boundary of posterior marker expressi&&GF8 and XCAD3
cap experiments (Fig. 7) supports the existence of a feedbaolerexpression can elicit ectopidOXB9 expression in the
loop that allows these posteriorizing factors to maintain eacanterior (Fig. 4). Both are required for XR&RXxpression but
other’s expression. The lossEGF8 andFGF3 expression in - also neecKRARx2.2to exert their effects on downstream genes
Raldh2/- mice (Niederreither et al., 1999) is also consistensuch asHOXBQ The insufficiency of VP16¢RARx2 (which

with our findings. activates transcription of RAR target genes strongly in the
] o . ] absence of retinoid ligands) to ectopically induce HOXB9 or

RA signaling is involved in multiple steps of neural XCAD3 argues again€YP26(which degrades RA) being the

posteriorization major factor blocking the expression of posterior genes in the

The alteration in the expression of FGF signaling componentsead, as has been suggested for the zebrafish (Kudoh et al.,
by the RAR-MO (Fig. 8) together with the requirement for2002).

FGF signaling to express RAR pathway components (Fig. 6) Inhibition of RAR signaling using an RAR antagonist or
supports the existence of such a mutual feedback loop. Isaasminant-negative RAR led to the upregulation of anterior
and colleagues showed that XCAD3 upregulaté®XB9  markers (Koide et al., 2001) and a caudal shift in the expression
expression inXenopusembryos using gain- and loss-of- boundaries of anterior and hindbrain markers in frog embryos
function experiments (Isaacs et al., 1998; Pownall et al., 1998lumberg et al., 1997). Similar results were obtained by
Pownall et al., 1996). Their model was further supported bypverexpressing the RA catabolizing enzy@¥P26(de Roos

the identification of caudal/Cdx homeodomain-binding sites iret al., 1999; Hollemann et al., 1998; Maden, 1999) in frog
the promoters of region of mouse and chick HOX genesmbryos or treating chick embryos with RAR antagonists
(Charite et al., 1998; Subramanian et al., 1995). We notegdupe and Lumsden, 2001). Kudoh and colleagues recently
that ectopic expression oHOXB9 induced by XCAD3 showed that knockdown ofCYP26 expression led to
overexpression is restricted to the neural tube (Fig. 9C) arbwnregulation of the anterior mark€@TX2 and anterior
next examined the role oKRARx in HOXB9 expression. expansion oHOXB1B MEIS3andIRO3(Kudoh et al., 2002).
Injection of XCAD3mRNA alone induced ectopic expression We previously reported that unlike the hindbrain and spinal
of HOXB9anterior to where it is normally expressed (Fig. 9C).cord, which require RAR as a transcriptional activator, RAR
Co-injection of the RAR-MO led to severely reducedis required as a transcriptional repressor to allow anterior
expression ofHOXB9 throughout the embryo (Fig. 9D-F), patterning (Koide et al., 2001). This aspect of RAR function
suggesting that RAR function is required for XCAD3 to inducecoincides with the expression of the RA degrading enzyme
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CYP26in regions anterior to the hindbrain (de Roos et al.whereas more anterior and posterior regions might be less
1999; Hollemann et al., 1998). Taken together, these resulsensitive. In this scenario, the efficacy of the reagents used could
suggest that a delicate balance exists between RAR-mediateldy an important role in the type of outcome observed. Less
repression of target genes in the head that is required fpotent antagonists or dominant-negative receptors would be
anterior patterning and the RAR-mediated activation of targegxpected to show effects in the hindbrain but not in the forebrain
genes that is indispensable for the expression of posterior spinal cord. In accordance with this model and consistent with
neural markers. The expression of region-specific markers iour results using a dominant-negative RAR (Blumberg et al.,
the hindbrain is exquisitely sensitive to alterations in RA1997), decreasing the amount of RA by microinjecK@)Y P26
signaling (Godsave et al., 1998; Kolm et al., 1997; van demRNA into Xenopusembryos led to posterior expansion of
Wees et al., 1998). Lumsden and colleagues showedTX2expression, caudal shifts in the r3 bandK&0X20and
convincingly that RA acts as a classic morphogen in théhe loss ofKROX20in r5 (or fusion with r3) (Hollemann et
hindbrain but that it appeared to be generated locally at precisé, 1998). Similarly, increasing RA levels by microinjecting
levels rather than forming a long-range gradient (Dupe anBALDH2mMRNA into Xenopusembryos led to anterior shifts in
Lumsden, 2001). In the absence of retinoid signaling théhe expression borders of the midbrain ban@BK2expression
hindbrain develops as a default R4, whereas increasing Rand of both r3 and r5 expressionkiROX20(Chen et al., 2001)
signaling yields posterior rhombomeres in a concentrationn accordance with our results using the constitutively active

dependent fashion (Dupe and Lumsden, 2001). VP16-XRARa1 (Blumberg et al., 1997). No alteration in the
o o expression boundary 6fOXB9was noted by microinjection of

Is there a role for retinoids and retinoid receptors RALDH2 CYP26 DN-RAR or VP16-RAR mRNAs (Blumberg

other than in the hindbrain? et al., 1997; Chen et al., 2001; Hollemann et al., 1998). Taken

Although it is now well established that position in thetogether, these results show that RARs are required in the head
hindbrain is set by precisely delivered levels of RA (Bel-Vialaras well as the hindbrain, confirming a role for RARs in the
et al., 2002; Chen et al., 2001; Dupe and Lumsden, 200&nterior regions of the embryo.
Godsave et al., 1998; Hollemann et al., 1998; Kolm et al., 1997; As noted above, no changes HODXB9 expression were
van der Wees et al., 1998) the role of retinoids and retinoidoted in Xenopusembryos treated with RA, injected with
receptors anterior and posterior to the hindbrain remaindominant-negativeXenopus RAB2.2 or chicken RARx2
controversial. For example, we showed that inhibition of RARMRNAs (Godsave et al., 1998; Kolm et al., 1997; van der
function by overexpressing a dominant negak®ARx1 led  Wees et al., 1998). Consistent with these observations, VAD
to posterior expansion of the forebrain markefX2 a quail embryos (Maden et al.,, 1996) and chick embryos
posterior shift in the expression of the midbrain maise, electroporated with a dominant-negatieenopus RARL
a posterior shift in the rhombomere 3 expression and loss @Bel-Vialar et al., 2002) show alterations in anteridj 80X
the rhombomere 5 expression of the hindbrain magk&Xx20 genes KIOXB1, HOXB3 HOXB4 HOXB5 but not posterior
and downregulation of the posterior markel®XB9 XLIM1  (5) HOX gene HOXBG HOXB9 expression. These results
andN-tubulin (Blumberg et al., 1997). By contrast, increasingstand in stark contrast to the results shown above and our
RAR function by microinjecting the constitutively active previously published data showing inhibition by posterior
VP16-XRARx1 led to the opposite effect: a decreased andnarker genes after downregulation of RAR function by three
anterior shift in the expression border ©TX2 and rostral different methods: microinjection of a dominant negative
shifts in EN2 and KROX20expression although the anterior RARal (Blumberg et al., 1997), morpholino oligonucleotide-
boundary ofHOXB9expression was unaffected (Blumberg etmediated knockdown oRARn2.2 (Figs 2, 3, 4, 9) and
al., 1997). Thus, we concluded that RARs were required fareatment with the RAR antagonist AGN193109 (Figs 3, 10).
correct positional specification along the entire AP axiOne possible resolution for these discrepancies would be for
(Blumberg, 1997; Blumberg et al., 1997). the early and late expression of posterior markers to have
In contrast to our results, Sive and colleagues used different regulatory mechanisms. We propose that the early
dominant-negativiXenopusRARa2.2 to show that interfering expression of posterior markers suchX&3AD3 depends on
with retinoid signaling altered hindbrain patteringdanopus  signaling through XRAR2 as a downstream target of FGFs
but had no observable effects on anterld€G, OTX2 or  (Figs 5, 10). This early retinoid dependent phase is followed
posterior HOXB9Y gene expression (Kolm et al., 1997). by a later retinoid-independent, FGF-independent stage
Durston and colleagues used a dominant-negative chickavherein the expression of these genes recovers, even in the
RARa2 and came to a similar conclusion: that inhibition ofapparent absence of retinoid (Fig. 101,J) or FGF signaling
RAR function substantially altered the expression patterns qPownall et al., 1998). This model has the advantage of
certain genes expressed in the hindbr&iR@X20Q HOXB3 explaining all of the observed data while simultaneously
but not othersEN2, HOXBY) although their results differed in providing a potential function for the posterior expression of
some details from the previously noted studies (van der Weggnes such aXRARx2 (Fig. 1) (Sharpe, 1992)XRARx2
et al., 1998). No alterations were noted in the expressiofEllinger-Ziegelbauer and Dreyer, 1993; Pfeffer and De
patterns ofOTX2 HOXB7and HOXB9 (van der Wees et al., Robertis, 1994) an®ALDH2 (Chen et al., 2001). Consistent
1998). with this proposal, the murine caudal ge@8&X1is induced
These latter studies have led to the model that retinoids aty retinoic acid and downregulatedRara’~/Rarg”’-embryos
retinoid receptors are only required for patterning of thgHoule et al., 2000). Subsequent experiments showed that
hindbrain (Godsave et al., 1998; Niederreither et al., 2000; vaBDX1 expression requires RA for expression only in early
der Wees et al., 1998). However, it is also plausible that thetages, later becoming dependent on WNT3A for its continued
hindbrain is extremely sensitive to levels of retinoid signallingexpression (Prinos et al.,, 2001). Posterior expression of
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HOXA1is lost inRaldh2’-embryos at day 8.75 (Niederreither  FGFs
et al., 1999) but has normalized by day 9.5 (Niederreither ¢ ~
al., 2000) HOXB5AandHOXB6Bexpression were also shown Tl

~ )

. . : . Hox-B9 —» it |
to be downregulated in no-fin mutant zebrafish, which ar RARS//' X posieriornetra
deficient in RALDH2 signaling (Grandel et al., 2002).

Experiments in Xenopus showed that RAR and FGF

signaling patterned largely non-overlapping regions in th
embryonic hindbrain and posterior (Kolm et al., 1997), and th
XCAD3 is required for the expression of posterior HOX genes
as a downstream target of FGF signaling (Isaacs et al., 1998;
Pownall et al., 1998; Pownall et al., 1996)H®X genes that Th . s d ibed  ab | |
are expressed in the hindbrain and midaxial regions such a € expenments described above ~reveal compliex

tions among FGF, XCAD3 and retinoid signaling (Fig.
HOXB1, HOXB3 and HOXB4 were shown to be extremely ' o'a¢
sensitive to retinoid signaling whereas they are insensitive 1). Our results demonstrate that RARs act both upstream and

changes in FGF signaling in both chicken (Bel-Vialar et al. ownstream of FGF signaling to pattern the AP amopus

: : RAR02.2 is required for the correct expression F&F8
2002) andXenopugEpstein et al., 1997; Isaacs et al., 1998). . . ! N Y
Our data are consistent with an instructive role for RA GFR1andFGFR4(Fig. 8), while FGF signaling is required

: L : - s - the zygotic expression of RAR signaling pathway
signaling in the hindbrain and midaxial regions. By contrast or : o
posterior genes such 26CAD3 and HOXBO require RAR tomponents (Fig. 6). Embryos deficientRARx do not form

signaling in a permissive role downstream of FGF signalin%eads (Koide et al, 2001) and primary neurons do not

Xcad3 —» Hox-A7 —» tail

?—ig. 11.Schematic model of the interactions among FGF, RAR and
CADS signaling pathways.

but are also required for the expression of FGF signalin ifierentiate (Blumberg et al., 1997; Sharpe and Goldstone,

pathway components. Therefore, we propose that th 000; Sharpe and Goldstone, 1997). This suggests that retinoid

developing CNS can be divided into three regions that diﬁe§|gnaling is an _essential component Qf the positional patternin'g
stem operational at the very earliest stages of embryonic

with regard o the expression of genes responsive o RA evelopment. The observations relating retinoid signaling and
signaling. In the first region, most anterior neural tissu e expressién of neurogenic markerg all clearl gindic?ite a
requires RAR as a transcriptional repressor, reinforced by t Q P g Y

action of CYP26 to dearade anv RA that miaht be prese ubsequent role for retinoids in neuronal differentiation.
outside the restricted %reas thgt require RE suchpas t ctivity of the RARs is required for the correct expression of

developing eye. The hindbrain represents the limits of thgroneural and prepatterning genes operating at the earliest

; ' Steps of neural development (Franco et al., 1999; Paganelli et
second region, and expresses neit@¥P26nor RALDH2 al., 2001). Considering that the timing of neuronal

Hindbrain specification requires localized activation of RAR to ifferentiation is coupled with that of AP patterning

express region specific genes specifying rhombomere identliﬂ; ; L . ——
. ) apalopulu and Kintner, 1996), it is plausible that retinoid
(Dupe and Lumsden, 2001, Maden, 1999; Maden, 2002). T signaling may play a key role in linking these two crucial

third region, the spinal cord, which is representeK®AD3 evelopmental Drocesses
and HOXB9 expression, requires RAR as a transcriptionafj P P :

activator in frogs (Figs 5, 10) ar}d zebrafls.h (KUdOh etal, We thank K. Cho, I. Blitz, C. Zilinski and members of the Blumberg

2002), although RAR may be playing a permissive, rather thagporatory for comments on the manuscript, and N. Papalopulu, H.

an instructive, role in this process. Isaacs and H. Okamoto for contributions of plasmids and probes.
Left unexplained is the observation that knockout ofSupported by grants from the NIH (GM-60572) and NSF (IBN-

multiple murine RARs (e.gRara’/Rarb™) is required to 9904764) to B.B. J.S. was supported by a grant of the Korea Health

obtain unambiguous developmental phenotypes (Mark et aRl R&D Project, Ministry of Health and Welfare, Republic of Korea

1999), whereas our results using morpholino oligonucleotideg01-PJ1-PG1-01CH11-0003).
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