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Flamingo, a cadherin-type receptor involved in the
Drosophila planar polarity pathway, can block signaling via
the canonical wnt pathway in Xenopus laevis

RICHARD MORGAN#*, ALI-MORSI EL-KADI and CHRISTOPHER THEOKLI
Department of Anatomy and Developmental Biology, St. George’s Hospital Medical School, London U.K.

ABSTRACT The Flamingo gene encodes a seven-pass transmembrane receptor of the cadherin
super family and is one of a growing number of components identified as being necessary for the
establishment of planar polarity in the Drosophila wing. Although vertebrate homologues of
Flamingo have been identified in both man and mice, no function has as yet been ascribed to them.
Here, we report the cloning of the Xenopus homologue of Flamingo (XFmi). XFmi is expressed in
the dorsal ectoderm during gastrulation and in the forebrain and midbrain subsequently. We show
that ectopic expression of the murine Flamingo gene can prevent the wnt mediated posteriorisation
of the neural plate by interfering with the canonical wnt signalling pathway.
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Introduction

Itis becoming increasingly common to find that a component of
one cell signalling pathway is used in a second, distinct pathway
and therefore participates in two distinct cellular or developmental
processes. One such example is the product of the Farmingo(Fmj)
gene, a seven-pass transmembrane receptor of the cadherin
super family (Usui er a/, 1999). Fm/ was originally identified in
Drosgphila as being required for the correct planar polarity of
sensory bristles and asymmetric cell division in the epidermis (Lu
etal,1999; Chae etal,1999; Usui efal, 1999). These functions
depend on the localisation of FMI protein to the proximal / distal cell
boundary, a process which in turn requires the contribution of the
Frizzled (F2) and Dishevelled (Dsh) genes (Lu et al, 1999; Chae
et al., 1999; Usui er al, 1999; Shimada er a/, 2001; reviewed by
Adler and Lee, 2001). Together, FMI, FZ and DSH proteins may
form a complex that directs the localised reorganisation of the
cytoskeleton to form a hair at the distal edge of the cell (Shimada
et al, 2001).

A second function of F/7/is in the correct control of dendrite
branching. Neurones elaborate dendrites with highly stereotyped
branching patterns, which may arise from intrinsic properties of the
neurone or from competition between neighbours, whereby the
dendrites of homologous neurones repel each other. This repul-
sion requires Frm/, but not Fz(Gao er al, 1999; Gao et al, 2000).

Hence Fmi/ functions in two separate cellular signalling pathways,
each mediating different developmental responses.

Although the vertebrate homologue of ~777zhas now been cloned
in mice and humans, to date there is no indication as to what its
function may be in early development. Here we report the cloning
of the Xenopus homologue of the A/ gene (XFmy). XFmiis
expressed in the presumptive anterior neural plate during gastru-
lation and can prevent the wnt-mediated posteriorisation of this
tissue.

Results

XFmi has a Very High Level of Sequence Identity to the Mouse
Flamingol Gene

In order to look for downstream targets of the Xenopus Hoxb4
gene (XHoxb4), we used a differential display technique to compare
gene expression in control embryos with those over expressing
XHoxb4. A number of cDNAs were significantly under-represented
in XHoxb4over-expressing embryos, and one of these was found to
have very high (63%) degree of sequence identity to the mouse
Flamingol gene (Usui et a/, 1999), a homologue of the Drosgptila
Flamingo gene (also known as starry njght, Chae et al, 1999). On
the basis of this very high degree of sequence identity we concluded
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that the isolated cDNA is in fact a partial clone of the
Xenopus homologue of Famingo, and we therefore
named it XFamingo (XFmi, GenBank accession num-
ber AF518403).

XFmi Transcripts are present Maternally but dis-
appear during Neuralation, after which XFmi is
strongly expressed in the Brain and Anterior
Neural Tube

In order to examine XFm/expression, we used RT-
PCR to assess the relative amount of XF/m/ tran-
scripts present in RNA extracted from embryos at
differentdevelopmental stages (Fig. 1). XFmiis present
maternally (i.e. before the onset of zygotic transcrip-
tion (Newport and Kirschner, 1982)), and decreases
throughout gastrulation to such an extent that tran-
scripts cannot be detected during neurulation. Strong
XFmiexpression is detected subsequently however,
at the early tail bud stage.

We used whole mount /7 s/fizhybridisation to study
the spatial distribution of XArtranscripts during early
development (Fig. 2). In agreement with the data in
Fig. 1, XFmiis expressed during gastrulation, al-
though the signal is faint. At this stage (10+) it is
confined to those cells that have involuted through the
dorsal side of the blastopore and the ectodermal cells
that overlie them (the presumptive neural plate; Fig.
2 A,B). XFmican not be detected at early neurula
stages (Fig. 2C), but staining is visible again in the
anterior end of the embryo by the mid neurula stages
(Fig. 2D). Its expression becomes far stronger at the
end of neurulation and by the tail bud stage there is a
strong signal in the eyes and forebrain (Fig. 2 E-J).
Expression becomes progressively weaker posteri-
orly and cannot be detected beyond the hindbrain /
spinal chord boundary (Fig. 2 E,F).

Ectopic Expression of MFmi in Whole Embryos
causes an Expansion of the Otx2 Expression
Domain

The restricted expression of X#/77/in development
indicates that it might have a regulatory role in those
cells that express it. In order to understand what this
might be, ectopic expression of Fm/was induced in
embryos by injecting 50 pg of full length mouse
Flamingo 1 (MFmij) RNA into each cell of the four cell
stage embryo. The majority of embryos treated in this
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Fig. 1. XFmi expression during early Xenopus development. R7-PCR
analysis of XFmi expression in embryos of different developmental stages,
as shown. Oo, oocyte. Stage 2 is a4 cellembryo, 10, early gastrula; 11, mid
gastrula; 12.5, late gastrula / early neurula; 17, late neurula; 20, early tail

bud. ODC, ornithine decarboxylase (loading control).

Fig. 2. In situhybridisation analysis of XFmiexpression in whole embryos. (A) Sagittal
section through an early gastrula (stage 10+) embryo. Faint expression of XFmi can be seen
in the zone of internal involution just above the dorsal blastopore groove, and also in the
ectodermal cells closer to the animal pole (the vegetal pole of the embryo is at the bottom,
the animal pole at the top). (B) Dorsal view of the same stage embryo (10+). XFmi
expression begins at a defined border above the dorsal blastopore lip (marked by the two
lines), corresponding to the involuted cells. (C) Dorsal view of two early neurula (stage 13)
embryos, the posterior end (marked by yolk plug, arrow heads) is on the right. No
expression is detectable at this stage. (D) Lateral view of a mid neurula (stage 17) embryo,
dorsal side uppermost. A faint staining is apparent at the anterior end of the embryo. (E)
Lateral view of an early tail bud (stage 22) embryo, anterior to left. (F) Lateral view of a tail
bud (stage 26) embryo, anterior to left. (G) Enlargement of the head of the embryo shown
in (E). (H) Dorsal - anterior view of the embryo shown in (F), with the anterior-most end
upwards. The anterior limit of XFmi expression is indicated by the two lines. A group of cells
scattered around the midline, and anterior to this line, also express XFmi and are indicated
by *.(I) Section through the embryo shown in (F) across indicated plane (’I'). The dorsal side
is at the top. (J) Section through the embryo shown in (F) across the indicated plane (*J’).
The dorsal side is at the top. Abbreviations: cg, cement gland, dbg, dorsal blastopore grove;
abl, dorsal blastopore lip; e, ectoderm, en, endoderm, ey, eye; fg, foregut; fp, floor plate;
h, head mesenchyme; ms, mesencephalon,; nc, notochord; ps, prosencephalon; rc,
rhombencephalon; sc, spinal chord, zii, zone of internal involution.

way do not complete gastrulation; their blastopores fail to close and
they die before their untreated counterparts reach the early neural
stage (13). In order to asses possible affects of AFmyi over-
expression on patterning at these early stages, the expression of
a number of genes was examined by /7 s/ifizhybridization analysis.
Of these, the expression of Ox2is considerably greater in MFm/
injected embryos, as opposed to control embryos injected with
MFmi RNA lacking a translation start site (Fig. 3). MFrm/ RNA
lacking this site is not translated to give MFMI protein (verified by
/n vitrotranslation, data not shown). Ozx2is a marker of the anterior
most structures in the embryo, including the anterior neural plate
(that gives rise to the forebrain and mid brain; Pannese era/, 1995;
Blitz and Cho, 1995).
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Fig. 3. Ectopic expression of MFmiresults in the anteriorisation of the
early embryo. Fertilised Xenopus eggs were injected with MFmi RNA
(Fmi+), or with a control transcript lacking the translation start site (Fmi-).
Embryos were allowed to develop to the late gastrula stage (11.5) and
analyzed for the expression of Otx2 by in situ hybridization (blue / purple
staining). The embryos are viewed with the blastopore (BP) uppermost in
the top two panels, and with the blastopore to the left in the bottom two.
The arrow head marks the position of the dorsal blastopore lip.

MFmi Expression in Neural Ectoderm prevents Posteriorisation
by Wnt3A but not by B-Catenin

The previously reported association of Famingowith the frizzled
protein (a receptor for the wnt ligand in the canonical wnt signalling
pathway), coupled with the observed expression of X7/ in the
anterior neural tube and the up-regulation of Ox2 in embryos
ectopically expressing MFmi; lead us to look at whether A7/ might
influence wnt mediated posteriorisation of the neural plate. This is a
classic assay for wnt activity in Xengpus, and involves over express-
ingwntin naive ectodermal explants (Domingos eta/,,2001; McGrew
et al, 1995; Yamaguchi, 2001). To achieve this fertilised eggs were
injected with XWni3A, MFmi, Nogginand a number of other mRNAs,
in various combinations (Fig. 4A). The eggs were then allowed to
develop to the early gastrula stage (10), whereupon the ectodermal
cells over the blastocoel were removed (the ‘cap’). These were
cultured until their untreated siblings had reached the early tailbud
stage, at which point total RNA was extracted and analysed for the
expression of specific marker genes (Fig. 4B).

Caps from untreated embryos do not express neural markers
(Fig. 4B), but when the neural inducer r0gg/n is injected caps
subsequently express noggin and adopt an anterior neural fate
(Lamb er a/, 1993). Hence caps from roggin injected embryos
express the pan-neural marker NCAM (Balak et a/, 1987) along
with OixZ, a transcription factor that is only expressed in the
anterior most part of the neural tube (the forebrain and mid brain;
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Pannese ef a/, 1995; Blitz and Cho, 1995). When W34 and
nogg/nare both present in caps the resulting neural tissue is more
posterior in character. The expression of Otx2is repressed, whilst
the Hoxgenes XHoxb1, XHoxb4 and XHoxb9are all upregulated
(Domingos etal,2001; McGrew etal, 1995; Fig. 4B). These genes
have anterior limits of expression considerably posterior to XOzx2,
being the rhombomere 2/3 and rhombomere 6/7 boundaries for
XHoxb1 and XHoxb4, respectively, and in the spinal chord for
XHoxb9 (Godsave et al., 1994).

When the mouse homologue of Farmingo (MFmj is co-injected
with 7709g/nRNA there is no perceivable difference in the expression
of the marker genes to that seen when noggin alone is injected.
However, when MFmiis present with both nogginand Wni3Athere
is a significant reduction in the expression of the posterior markers,
with XHoxb9 expression being reduced to a level that cannot be
detected by RT-PCR. This effect can be reversed by adding an
antisense ‘morpholino’ that is complementary to the translation start
site on MFrmrand hence can block AFmiranslation. Morpholinos are
chemically modified oligonucleotides that have been shown to have
both increased stability and significantly lower toxicity than unmodi-
fied oligos in Xenopusembryos (Heasman ef a/., 2000; Ross ez al.,

Fig. 4. Fmican block the posteriorisation of neural tissue by Wnt3A. (A)
Schematic overview of the experimental procedure. Fertilised Xenopus
eggs were injected with various combinations of RNAs (1) and cultured until
the early gastrula stage (2). At this point the animal cap was removed (3) and
cultured until sibling embryos had reached the early tail bud stage. Total RNA
was extracted and analysed for marker gene expression by RT-PCR. (B) RT-
PCR analysis of caps expressing a combination of different injected RNAs,
as shown (‘TREATMENT’). The expression of various marker genes was
analysed by RT-PCR ('MARKER’). a/s MFmi, morpholino oligo with comple-
mentary sequence to the translation start site of the MFmi RNA. XOtx2,
XHoxb1, XHoxb4 and XHoxb9 are arranged in anterior (Ant) to posterior
(Post) order, as indicated by the double headed arrow.
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Fig. 5. Flamingo does not block the FGF mediated posteriorisation of
the neural plate. RT-PCR analysis of caps expressing a combination of
different injected RNAs, as shown (‘TREATMENT’). The expression of
various marker genes was analysed by RT-PCR (‘MARKER’). XOtx2,
XHoxb1, XHoxb4 and XHoxb9 are arranged in anterior (Ant) to posterior
(Post) order, as indicated by the double headed arrow.

2001). As an additional control, we injected the anti- AZFm7/morpholino
with r70gg/n RNA alone, and this has no affect on the expression of
the marker genes.

Wnt ligands are at the ‘top’ end of the wnt canonical signalling
pathway, in the sense that they initiate signalling by binding to the
frizzledreceptor (reviewed by Gradl ez a/, 1999; Yamaguchi, 2001).
Atthe other end of the pathway are the transcription factors that enter
the nucleus and affect gene transcription. The most significant of
these is the transcription factor 3-catenin(the vertebrate homologue
of the Drosgphila armadilogene). Wnt signalling prevents (-carernin
degradation in the cytoplasm and promotes its entry into the nucleus
where, together with another transcription factor, it can mediate
changes inthe transcription of target genes (reviewed by Gradl eta/,
1999; Yamaguchi, 2001). Predictably then, the co-expression of 3-
cateninwith nogginin caps has a similar affect to that of Wm34and
noggin, in that the resulting neural tissue is posteriorised (Domingos
et al, 2001; McGrew er a/, 1995;

Fig. 4B). As B-catenin acts down-

teins are also required for the posteriorisation of the neural plate
(Domingos et al., 2001; Ribisi e a/, 2000; McGrew et a/, 1997).
Indeed, it is possible that posteriorisation by wnts is mediated by
FGF, as the ectopic expression of an activated form of beta-catenin
activates the expression of FGF3, FGF8and eFGFinthe Xenopus
neural plate (Domingos ef a/, 2001).

In order to exclude the possibility that Farmingo interferes with
the FGF signalling pathway, rather that than the wnt pathway, we
co-expressed FGFEwith Wnt3A, Noggin and Flamingo in ecto-
derm (Fig. 5), in exactly the same manner as the experiment
described above (Fig. 4A). FGF&fully restores the posteriorisation
ofthe neuraltissue inthis assay, indicating that itis the wnt pathway
that Flamingointerferes with and not the FGF-dependant step that
is probably down stream of wnt.

Flamingo can block the Induction of a Secondary Axis by Wnt
Signalling Components

The injection of wnt, or of other components of the canonical wnt
pathway into the ventral blastomere of an early Xerngpus embryo
results in the development of a secondary organiser, and subse-
guently a second body axis complete with a fully formed head
(reviewed by Gradl ef a/, 1999). This therefore represents an
additional and independent assay for the canonical wnt pathway.
When X728, Xwni8 or Xdsh RNAs were injected into the ventral
blastomere of a two cell embryo, a significant proportion of em-
bryos developed with a double axis (Table 1), in agreement with
previously published observations (Sokol e a/., 1995; Itoh ez al,,
1998; Smith and Harland, 1991). Injection of A/F777/RNA in to the
dorsal blastomere of two cell embryos did not result in a phenotype
(data not shown).

In order to determine whether Flamingo can interfere with
canonical wnt signalling in this assay, MFm/was co-injected with
each of these RNAs. This significantly reduces the proportion of
embryos with a double axis in the case of Xwnt&and X7z&injection,
but has no affect on double axis induction by Xa/s/ (Table 1).

Two direct targets of the wnt canonical signalling pathway are
the transcription factor Xs/armois (Xsia, Lemaire et al, 1995;
Brannon and Kimelman, 1996; Carnac et a/., 1996; Brannon et al,
1997), and the TGF-B - related gene X773 (Smith ef a/, 1995;

stream of #izz/ed (the binding part- TABLE 1

ner of Flarmingo), we looked to see if No. of embryos

MFmicould also block the B-caternin with phenotype % of specimens

induction of the posterior marker — mRNA njected No. of No. of with sxis

genes (i.e. XHoxbl, XHoxb4 and  (yentral blastomere) daad specimens duplication

XHoxb9). The results of this experi- .

ment indicate clearly that it cannot Axis Normal

(Fig. 4B), i.e. MFmionly blocks Wit duplication

mediated posteriorisation, not 8-  xwnt# 55 3 g 54 55,6

catenin mediated posteriorisation. Xwntl + Mfmi 7 61 7 g5 20.0
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Anumber of recent studies have
suggested that, in addition to wnt,
members of the fibroblast growth
factor (FGF) family of secreted pro-

Flamingo blocks the formation of a double axis induced by Xu7/8or X/z&injection into a ventral blastomere. Xwnt8, X/z8 or
XdshRNAs, either alone or in combination with A//77/RNA, were injected into the ventral balstomeres of an eight cell Xeropus
embryo. The embryos were then allowed to develop until the late neurula stage, whereupon they were examined for a double
axis (an example of which is shown in the table).
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Fig. 6. MFmiblocks the up-regulation of Xnr3 and Xsiaby Xwnt8. RT-
PCR analysis of caps expressing a combination of different injected RNAs,
as shown. a/s MFmi, morpholino oligo with complementary sequence to
the translation start site of the MFmi RNA.

McKendry et a/, 1997). Both of these are expressed in the
organiser of the gastrula stage embryo, and both can induce a
secondary axis when injected into the ventral blastomeres. If
Flamingo does block the canonical signalling pathway as activated
by Xwnit8, then the induction of Xs/a and X773 should likewise be
blocked. To address this, total RNA was extracted from gastrula
stage embryos ectopically over-expressing Xwni8and MFmi, and
the expression of selected genes were assessed by RT-PCR (Fig.
6). Both Xs/aand Xrnir3were strongly upregulated by ectopic X8
expression, an affectthatis negated by the co-expression of MFn7,
but not A/Frm/with its inhibitory morpholino.

Ectopic XHoxb4 Expression represses XFmi Expression

The data shown in Fig. 4 indicate that X#/7/ can prevent the
posteriorisation of anterior neural tissue, thereby blocking the
expression of posteriorly expressed AHoxgenes, in particular XHoxb4
and XHoxb9. In order to determine whether this regulatory relation-
ship might by reciprocal, we over expressed XHoxb4 in fertilised
eggs by micro-injecting XHoxb4RNA. These eggs were allowed to
develop until their untreated siblings had reached the early tail bud
stage (26), at which point total RNA was extracted to allow the
expression of a number of marker genes to be assessed (Fig. 7).
Ectopic expression of XHoxb4is known to repress more anteriorly
expressed genes, such as XOw2 and XHoxb1 (Hooiveld er al,
1999), whilst upregulating the expression of the endogenous
XHoxb4gene. Both of these effects are apparentin this experiment
(Fig. 7). In addition there is a striking reduction in the number of
XFmitranscripts detected, indicating that this gene is also down-
regulated by XHoxb4. As a control, we co-injected the XHoxb4
RNA with an antisense morpholino oligo that blocks its translation.
This prevents the repression of XOx2 and XHoxb1 and XFmi
expression (Fig. 7).
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In agreement with the data presented in Fig. 4, the expression
of MFm/in embryos significantly reduces the expression of the
posteriorly expressed Hoxgenes, XHoxb4and XHoxb9. When the
injected MFm/RNA was premixed with an oligo complementary to
it translation start site there was no reduction in Aoxgene expres-
sion (Fig. 7).

Discussion

Flamingo in Vertebrates

XFmi is the third vertebrate homologue of Farmingo to be
cloned, the others genes having been identified in humans and
mice. Allthree share a significant degree of sequence identity atthe
amino acid level, and the mouse and Xernopus clones have very
similar expression patternsin early development, especially during
gastrulation (Fig. 2; Formstone and Little, 2001). It is therefore
likely that the vertebrate Famingogenes have a common function
in development, though to date there has been no clear evidence
as to what this could be.

Flamingo and the Canonical B-Catenin Signalling Pathway
Flamingois one of a growing number of genes that have been
found to be required for the establishment of tissue polarity in
Drosophila. Although it is now well established that FLAMINGO
protein binds to the FZ receptor, it is still far from clear how this
influences the establishment of tissue polarity. FZ itself has a
number of well defined functions in development, and one of the
most important is acting as a receptor for the Wntligand in the
canonical Writsignaling pathway. This pathway has been subject
to extensive study over the last ten years, and is consequently
very well characterised. A greatly simplified overview is shown in
Fig. 8. Essentially, the Wnr ligand binds to the £z receptor
resulting in the activation of the phosphoprotein DSH which in turn

XOtx2
XHoxb1

XHoxb4
XHoxb9
XFmi

XNCAM
XEfla

Fig. 7. Hoxb4and Fmirepress each others expression. R7-PCR analysis
of gene expression in tail bud stage embryos that have developed from
eggs injected with different RNAs, as shown above each column. NIC, non-
injected control. a/s, co-injection of a morpholino oligo complementary to
the translation start site of the injected RNA. -RT, control without reverse
transcription. XEfla is included as a loading control.
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Fig. 8. Putative interactions between Fmi, Hoxb4 and the canonical
wnt signaling pathway. Fmi interacts with Frizzled and blocks wnt
signaling. The wnt pathway activates the expression of Hoxb4 which in
turn represses Fmi expression, although it is not clear whether either of
these steps are direct. FZ, frizzled; FMI, Flamingo; DSH, dishevelled; APC,
adenomatous polyposis coli protein; GSK, glycogen-synthase-kinase-33;
GBP, GSK binding protein; CD, conductin/axin, TCF, T-cell factor.

inactivates g/ycogen-synthase-kinase-3 (gsk-306). This prevents
the gsk-33 — mediated phosphorylation of B-catenin that other-
wise targets this protein to the ubiquitin — proteasome pathway. 3-
catenin can then enter the nucleus and, together with its binding
partner 7c¢£ can modulate the transcription of its downstream
target genes.

Inthe case oftissue polarity establishment, there is no convinc-
ing evidence that any of the wnt signaling pathway is actual
involved (apart from £z and Ds/), including the wrtligand itself
(reviewed by Adler and Lee, 2001). Furthermore, although a
number of vertebrate genes with a high level of sequence identity
to Drosgphilatissue polarity genes have been cloned, there is no
obvious vertebrate equivalent of the precise tissue polarity ex-
amples found in insects (e.g. hair polarity in the wing). The
consensus of a number of recent studies on the function of
vertebrate tissue polarity homologues suggests that these genes
regulate the convergent extension movements that underlie the
morphological changes in gastrulation (Park and Moon, 2002;
Darken eral,, 2002). Interestingly, itis apparent that wnt signaling
also regulates these cell movements, although it does so not
through the canonical signaling pathway but through components
of the JNK kinase cascade (Tada and Smith, 2000; Topczewski
et al., 2001; Wallingford er a/, 2001; Yamanaka et a/., 2002). A
third non-canonical wnt pathway, involving a trimeric G-protein
and Protein Kinase C (PKC), is required for the correct separation
of tissue layers during gastrulation (Winklbauer ef a/, 2001).

In this study, the ectopic over-expression of AMFmy/is shown to
interfere with wnzsignaling in the anterior — posterior patterning of
the neural plate, a process which, like dorsal — ventral patterning,
is dependent on the canonical wrfpathway. Ectopic MFrmiexpres-
sion represses the induction of XHoxb1, XHoxb4 and XHoxb9 by
XWnit3A, with the extent of repression increasing in an anterior
(XHoxbI) to posterior (XHoxb9) direction. This may indicate that a
higher level of wnt signaling is required to induce the expression of
progressively more posterior genes.

As Fmiis known to bind to Fz receptors, it would seem likely that
wntsignaling is blocked at this point (Fig. 8). This is supported by
the observation that 3-catenin mediated posteriorisation of neural
tissue is not blocked by ectopic A7/, and that the co-injection of
MFmiand XDs#hinto the ventral blastomeres of two cell embryos
does not block the formation of a secondary axis. These observa-
tions raise the possibility then that ~777; whilst not participating in
the canonical pathway per se, might be able to influence signaling
through it, and hence regulate wntmediated patterning events. It
is of course possible though that F7777has additional, or alternative
functions /7 vivo.

Hoxb4 and Fmi repress Each Other’s Expression

The repression of one gene's expression by another, and
mutual repression between genes are important mechanisms for
defining and stabilizing gene expression domains in the early
embryo. It is apparent from the data presented here that XHoxb4
can repress the expression of X#/; and vice-versa (Figs. 7,8).
This relationship correlates well with the expression patterns of the
two genes, which are essentially complementary (Fig. 2; Godsave
etal, 1994).

Although the role of wrt | £ signaling in controlling ~ox gene
expression is well established in vertebrates (McGrew er a/,, 1995;
Domingos et a/, 2001; Yamaguchi ef a/, 2001), to date there has
been little indication that Aoxgenes can regulate writsignaling. The
ability of XHoxb4to down-regulate XF77/ expression indicates that
thisis possible, albeit through an indirect mechanism. Itis hoped that
future studies will explore the precise nature of these interactions.

Materials and Methods

Constructs

The constructs used for transcribing RNA for micro-injection and the /7
vitro transcription of RNA were as previously described (Hooiveld ef a/,
1999), with the exception of AM/Fmy/(accession number AB028499) which
was amplified from a cDNA kindly supplied by Dr. T. Uemura and cloned
into vector pPGEMTeasy. The insert was amplified by PCR, using SP6 and
T7 primers, and transcribed using SP6 polymerase. 100 pg of each of the
/n vitro — transcribed RNAs were injected into fertilised eggs, with the
exception of 7oggin RNA, of which 300 pg were injected.

RNA Extraction and RT-PCR

Total RNA was extracted from whole embryos using the QuickPrep
Total RNA extraction kit (Amersham Pharmacia Biotech Inc.). 3 ug of RNA
was used in subsequent reverse transcription reactions. This was mixed
with a poly T, oligo to 5 ug/ml and heated to 75°C for 5 minutes. After
cooling on ice, the following additional reagents were added; dNTPs to
0.4mM, RNase OUT (Promega) to 1.6 u/pl, Moloney Murine Leukemia
Virus Reverse Transcriptase (M-MLRvT) RnaseH- point mutant (Promega)
to 8u/pl and the appropriate buffer (supplied by the manufacturer) to x1
concentration. The mixture was incubated for one hour at 37°C, heated to
70°C for two minutes and cooled on ice.



PCR reactions were all performed in a total volume of 40 pl. For each we
used 1pl of the M-MLRVT reaction (as described above), 0.2 nmols of each
primer and 20 pl of Redimix pre-mixed PCR components (Sigma). All
reactions were cycled at 94°C for 30 seconds, 60°C for 30 seconds and
72°C for 60 seconds. 30 cycles were used for all primer sets except those
for efZa, for which 23 cycles were used. The primers used for XFm/
amplification were; forward — XFM/U:5' GTG CTT GCCACT CAG GATTC
3’ and reverse- XFM/D. 5 GAT TGC CCT TGC AGA GGA T 3.The
sequences of the other primer pairs can be found on the internet at:
http://www.sghms.ac.uk/depts/anatomy/index.htm

Embryo Culture and Microinjection
These were performed as described elsewhere (Sive et a/, 2000).

Whole Mount In Situ Hybridisation

XFmiwas cloned into vector pPGEMT-easy (Promega), and this was
linearised using Ncol. A DIG-labelled /77 s/fuzprobe was transcribed from this
template using SP6 polymerase. The Otx2 /7 s/t probe was made as
previously described (Pannese et a/., 1995). Probe purification and subse-
quent /7 s/t analysis were performed as described (Sive ef a/, 2000).

Antisense Oligo Design

An anti-XHoxb4 morpholino oligo was designed, complementary to the
translation start site on the mRNA, its sequence being: 5 TGA TCA AAA
ACG AAC TCA TTC TCA T 3'. It was synthesised by Gene Tools LLC
(USA), and 50pg were injected into fertilised eggs.
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