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SUMMARY
The Rel/NF-κB gene family encodes a large group of
transcriptional
activators
involved
in
myriad
differentiation events, including embryonic development.
We have shown previously that Xrel3, a Xenopus Rel/NFκB-related gene, is expressed in the forebrain, dorsal aspect
of the mid- and hindbrain, the otocysts and notochord of
neurula and larval stage embryos. Overexpression of Xrel3
causes formation of embryonic tumours. We now show that
Xrel3-induced tumours and animal caps from embryos
injected with Xrel3 RNA express Otx2, Shh and Gli1.
Heterodimerisation of a C-terminally deleted mutant of
Xrel3 with wild-type Xrel3 inhibits in vitro binding of wildtype Xrel3 to Rel/NF-κB consensus DNA sequences. This
dominant interference mutant disrupts Shh, Gli1 and Otx2

mRNA patterning and inhibits anterior development when
expressed in the dorsal side of zygotes, which is rescued by
co-injecting wild-type Xrel3 mRNA. In chick development,
Rel activates Shh signalling, which is required for normal
limb formation; Shh, Gli1 and Otx2 encode important
neural patterning elements in vertebrates. The activation
of these genes in tumours by Xrel3 overexpression and the
inhibition of their expression and head development by a
dominant interference mutant of Xrel3 indicates that
Rel/NF-κB is required for activation of these genes and for
anterior neural patterning in Xenopus.

INTRODUCTION

ventrolateral regions such as twist and snail, which specify
mesodermal and neurogenic cell lineages (Drier and Steward,
1997; Govind, 1999). In Xenopus laevis embryos, the finding
that members of the Toll/Spätzle signalling pathway could
induce a secondary body axis suggests that a Dorsal-like
morphogen might also exist in amphibians (Armstrong et al.,
1998).
In mammalian development, the role of Rel/NF-κB
proteins appears to be confined largely to immunity and
organogenesis. Mice that are defective for Nfkb1, Rel (c-rel)
or Relb develop deficiencies in specific cells of the immune
system (Attar et al., 1997; Gerondakis et al., 1999). Reladefective foetal mice die of liver failure resulting from
massive apoptosis, illustrating the role of Rel/NF-κB as an
anti-apoptotic factor (Foo and Nolan, 1999; Barkett and
Gilmore, 1999; Chen et al., 2000). Thus, these specific
Rel/NF-κB proteins are not required for body patterning, but
there may be undiscovered Rel/NF-κB activities and/or
embryonic genes, since mouse homologues of twist are
required for mesoderm formation in mammals (Dixon, 1997).
The sonic hedgehog (Shh) ligand, its downstream target
(the zinc-finger transcriptional activator Gli1), and related
Gli proteins Gli2 and Gli3, form the basis of an important
signalling pathway in organogenesis and tumourigenesis
(Hahn et al., 1999; Ruiz i Altaba, 1999; Britto et al., 2000).
There is evidence that Rel/NF-κB activates this pathway in
vertebrates. In developing chick limbs, negative regulation of

The Rel/NF-κB gene family encodes a large group of
eukaryotic transcriptional factors that regulate a wide diversity
of physiological cell differentiation events, including
inflammation, immunity and apoptosis. These ubiquitous
proteins are activated by a number of physiological stimuli and
also activate a variety of cellular targets (for reviews, see Chen
and Ghosh, 1999; Pahl, 1999; Israel, 2000).
Depending on the cell type, Rel/NF-κB dimeric complexes
regulate transcription from target genes in either a
constitutive or inducible manner. Inducible complexes are
retained in the cytoplasm by a regulatory subunit related to
the IκB family of inhibitors. Upon cellular activation, IκB is
removed by the ubiquitin-proteosomal degradation pathway
allowing the Rel/NF-κB complex to translocate to the
nucleus, whereupon it binds to a consensus decameric
sequence within target genes.
In addition to processes related to adult cell differentiation,
Rel/NF-κB transcriptional regulators are required in
embryonic and foetal development. The patterning of the
dorsal-ventral axis of the Drosophila embryo, for instance,
depends on the activity of the morphogen Dorsal. Dorsal is
localised by the activity of a number of maternal genes,
including Toll, easter, spätzle, tube and pelle, to nuclei of
blastoderm cells in a dorsal-to-ventral gradient (Drier et al.,
2000). Dorsal activates patterning genes in ventral and
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Rel/NF-κB by constitutive expression of its natural inhibitor
IκB, prevents the expression of twist, Shh and Gli1, all of
which are required for normal limb development (Bushdid et
al., 1998; Kanagae et al., 1998). In addition to limb
morphogenesis, Shh/Gli signalling is required for normal
patterning of the skeleton, nervous system and lungs (Matise
and Joyner, 1999; Wickling et al., 1999; Park et al., 2000),
but no relationship between these events and Rel/NF-κB has
been found.
Rel/NF-κB genes are involved in embryonic development
of the amphibian, Xenopus laevis. XrelA (Kao and
Hopwood, 1991; Kao and Lockwood 1996; Richardson et
al., 1995), Xrel2 (Tannahill and Wardle, 1995), XrelB (Suzuki
et al., 1995), Xp100 (Suzuki et al., 1998) and Xrel3 (Yang
et al, 1998) are Rel/NF-κB genes expressed in embryos,
some in a developmentally restricted pattern (Bearer,
1994; Suzuki et al., 1998; Yang et al., 1998). Xrel3
mRNA, for example, accumulates in pre-gastrula embryos
and in the late neurula stage embryo in the developing brain,
inner ear primordium (otocyst) and notochord (Yang et al.,
1998).
Interestingly, overexpression of Xrel3 by injection of Xrel3
mRNA into the animal pole of early embryos causes them to
develop epidermal tumours that appear after gastrulation
(Yang et al., 1998). Similar tumours are induced by
overexpression of the Gli1 oncogene in Xenopus (Dahmane
et al, 1998) and in humans, abnormalities in Shh/Gli
signalling that result in gain-of-function of Gli1, predispose
individuals to a variety of cancers such as gliomas,
medulloblastomas, meningiomas and fibromas (Hahn et al.,
1999). In spite of the requirement for Rel in the activation of
Shh/Gli1 during limb morphogenesis, no such link has been
made in either Shh/Gli-dependent tumour formation or
organogenesis.
In this paper, we show that Xrel3-induced tumours express
Gli1 in addition to the neural and anterior patterning genes Shh
and Otx2. When a dominant negative mutant of Xrel3 is
expressed in the dorsal side of the embryo, it reversibly causes
defects in dorsal and head development and disrupts expression
of dorsoanterior neural markers. Thus, ectopic expression of
Xrel3 in ectoderm results in the formation of tumours that
express neural-patterning oncogenes while interference of
Xrel3 function results in defective anterior development. These
findings are consistent with the hypothesis that Xrel3 is
required for head development.

MATERIALS AND METHODS
Embryos
We previously reported the cloning and early embryonic expression
analysis of Xrel3 (Yang et al., 1998). Albino and wild-type embryos,
staged according to Nieuwkoop and Faber (Nieuwkoop and Faber,
1994) were obtained by in vitro fertilisation and microinjected as
described (Kao and Lockwood, 1996; Yang et al., 1998) with capped,
synthetic Xrel3 RNA using the Ribomax Kit (Promega) or as per
Krieg and Melton (Krieg and Melton, 1987). The Xrel3 cDNA
template encodes only the translated portion of the Xrel3 gene to
distinguish it from endogenous embryonic Xrel3 mRNA, which
naturally contains both coding and non-coding sequences. As a
control, a mutant Xrel3 cDNA was constructed in which the protein
kinase A site of the Rel homology domain was altered. This mutation
disables the dimerisation potential of the protein and does not affect
development (B. B. L., unpublished observations).
Embryos were obtained by in vitro fertilisation. Animal caps were
dissected in agar-coated plastic or glass petri dishes using fine forceps
in NAM/2 as described (Kao and Lockwood, 1996) and cultured at
room temperature or 14°C. Embryos were fixed in Smith’s fixative
(Kao and Lockwood, 1996), embedded in Historesin (Leica),
sectioned at 3 µm and stained with Haematoxylin and Eosin.
Experimental manipulation of zygotes was performed in 4% Ficoll
in NAM/2. To ensure the position of the dorsal side, fertilised eggs
were dejellied and tilted by 90° in agarose wells so that the sperm
entry site faced towards gravity, as described (Kao and Lockwood,
1995). Zygotes were kept in this position until first cleavage, and
microinjected on either side of the cleavage furrow directly in the
middle of the depigmented ‘grey crescent’ region. Embryos that did
not exhibit this stereotypical dorsal landmark were not used.
RT-PCR
RNA was extracted from embryos and explants and processed for RTPCR (Kao and Lockwood 1996; Yang et al., 1998) using
oligonucleotide primers complementary to Xenopus sequences as
described previously for Xrel3 and histone (Yang et al., 1998) or from
published sequences (Table 1). Primers were purchased from Gibco
or Oligos, etc. Histone levels were used to normalise the amount of
cDNA used in PCR amplification of the other primers. Our cycling
parameters did not allow quantitative comparisons of amplification
between different sets of primers but provided comparison of levels
between samples for each primer set. Thus, we were able to determine
very obvious differences in expression of individual genes between
samples. All analyses were repeated three to five times to ensure
reproducibility of results.
In situ hybridisation
Embryos were fixed in MEMFA and methanol and processed for

Table 1. Primers used in RT-PCR analysis
Marker
Cardiac actin
Cephalic hedgehog
Xenopus Otx2
Epidermal keratin
XGli1
XGli3
XAg1
Hoxb9
Nrp1
Sonic hedgehog
Twist
Endogenous Xrel3

Upstream Primer (5′-3′)
GCTGACAGAATGCAGAAG
TTCTGGCTATCTGCTGCGGG
CGGGATGGATTTGTTGCA
CTTATCGTACCAGTTACGGATC
CACACTGCGAAATACAGGAGC
ATGAACAATGAGCAAGCCCG
GTATGATGTGGGGCAGTTCC
TACTTACGGGCTTGGCTGGA
GGGTTTCTTGGAACAAGC
CTTCGCTCGGACGAGATGCTGG
GTCCAGCTCGCCAGTCTC
CACCTGCAAATCCTATGG

Downstream Primer (5′-3′)
TTGCTTGGAGGAGTGTGT
AACCTTTCTGAGCCCCGGTG
TTGAACCAGACCTGGACT
CATCTAGCAAAGGGTGGGCTTTGG
TAAGTGGGTGAGCTCTGCGCC
ACATTCCAAACATGCGCGGC
CGTCTTGCTCTTCCAGGTAG
AGCGTGTAACCAGTTGGCTG
ACTGTGCAGGAACACAAG
CCTTCGTATCTGCCGCTGGCC
CCGGTGCTGCTCGCCTTC
GCTAGTCATGTGTAACATTTCTC

TM
(°C)
65
72
65
72
70
69
70
72
65
68
72
64

Product
size
(base pairs)
666
198
203
318
195
218
203
217
266
211
170
128

Reference
Mohun et al., 1984
Ekker et al., 1995
Pannese et al., 1995
Jamrich et al., 1987
Lee et al., 1997
Marine et al., 1997
Sive et al., 1989
Sharpe et al., 1987
Good et al., 1993
Ekker et al., 1995
Hopwood et al., 1989
Yang et al., 1998
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whole mount in situ hybridisation using maleic acid buffer,
digoxigenin- and fluorescein-linked probes, stained with NBT/BCIP
as described (Harland, 1991) and modified by Sagerström et al.
(1996). To eliminate variability in staining between samples, we
processed both control and experimental embryos in separate
chambers but within the same reaction vials for each probe. Thus all
embryos were treated exactly the same for each probe. Embryos were
dehydrated in ethanol and cleared in benzyl-benzoate;benzyl alcohol
(2:1). Templates for probes complementary to Xenopus Shh and Gli1
mRNA were obtained as gifts from Randy Moon and Ariel Ruiz i
Altaba, respectively, and for Xenopus Otx2 and Nrp1 mRNA from
Tamara Holowacz.
In vitro translation
The Xrel3-, Xrel3-RHD- and Xrel3∆58-coding regions were
subcloned into pCS2+ and/or pCS2+mt (gifts from Dave Turner).
Wild-type and truncated Xrel3 proteins were synthesised in vitro
using the SP6 transcription/translation-coupled rabbit reticulocyte
lysate system (Promega). For protein used in immunoprecipitation, 17
µCi of [35S]-methionine (1200Ci/mmol; Mandel) and either 2 µg of
pCS2+mtXrel3 alone or 1 µg each of pCS2+mtXrel3 and pCS2+Xrel3
or pCS2+mtXrel3 and pCS2+Xrel3∆58 to a total of 2 µg were added
to the reticulocyte lysate (total volume of 50 µl) and incubated at
30°C for 90 minutes. For EMSAs involving cold κB competitive
binding, 2 µg of pCS2+Xrel3RHD and pCS2+Xrel3∆58 were used
for translation as above. However, for EMSAs involving competitive
inhibition by Xrel3∆58 of Xrel3 DNA binding, 1 µg of pCS2+ Xrel3
or pCS2+Xrel3∆58 was used alone and 1 µg of pCS2+Xrel3 was used
in combination with either 0.5 µg, 1 µg or 2 µg of pCS2+Xrel3∆58.
These latter protein products were examined by SDS-PAGE and levels
analysed by spot densitometry (ChemiImagertm4000; Alpha Innotech
Corporation). Xrel3 protein levels were shown to be consistent
between individual and co-translated samples while Xrel3∆58 levels
were approximately 0.6×, 0.9× and 1.3× that of Xrel3 in the cotranslated samples.
Electrophoretic mobility shift assays (EMSA)
Double stranded κB DNA elements (5 picomoles; 5′GCAGGGGAATTCCCCT-3′) were forward labelled using T4
polynucleotide kinase (10 units; GibcoBRL) and 1 µCi/µl [γ32P]-dATP
(Mandel) in a total volume of 25 µl for 10-30 minutes at 37°C. Between
150,000 and 500,000 cpm of κB probe was incubated with 1 µl of in
vitro translated protein for 20 minutes at room temperature, according
to Mavrothalassitis et al. (Mavrothalassitis et al., 1990). Samples were
then electrophoresed onto a 5% non-denaturing polyacrylamide miniprotein gel for 50 minutes (100V) at room temperature. Competition of
protein binding to labelled κB sequences in testing specificity and
affinity involved addition of labelled κB DNA as well as 2, 5, 10, 20,
100 or 1000 ng of unlabelled κB sequence to the protein/DNA-binding
mixture and proceeding as described.
Immunoprecipitation
Xrel3 fused with the Myc epitope was either translated alone or cotranslated with Xrel3 or Xrel3∆58. Dimeric protein complexes were
covalently linked by incubating 10 µl of the in vitro translated proteins
with glutaraldehyde in 8 mM potassium phosphate buffer (pH 8) for
1 hour at room temperature. Crosslinked protein dimers were then
incubated overnight at 4°C with 20 µl mouse monoclonal anti-Myc
antibody 9E10 cell supernatant, purchased from DSHB (Iowa), in 1
ml 1× Triton Medium (10 mM Tris pH 7.5; 1% Triton X-100; 10 mM
EDTA; 0.002% sodium azide) with 20 mM methionine and 5 µl of
0.2 M phenylmethylsulfonylfluoride. Antibody-antigen complexes
were immunoprecipitated with Protein A-Sepharose beads
(Pharmacia) then washed three times with 1× Triton medium/20 mM
methionine then twice with 150 mM NaCl. Immunoprecipitate was
boiled for 4 minutes in 0.125 M Tris-HCl, 2% SDS, 5% βmercaptoethanol and 20% glycerol, and run on SDS-PAGE, along

265

with pre-stained molecular weight standards (12.5 µg/lane; BioRad).
All gels were visualised and recorded using a Cyclone (CanberraPackard) phosphorimager.

RESULTS
Activation of neural patterning genes in Xrel3induced tumours
Our previous results indicate that 0.5 to 1.0 ng of synthetic
Xrel3 mRNA injected into either the animal or vegetal pole
of two-cell stage Xenopus laevis embryos causes them to
develop tumours without affecting normal axial patterning
(Yang et al., 1998). Tumours were not visible on the surface
of the embryo until the neurula stage when they appeared as
a patch of pigmented cells in the ventral or flanking epidermis
(Fig. 1A). The pigmented regions then enlarged into easily
removable growths (tumours) that persisted until as late as the
early tadpole (Fig. 1B). Initially stage 20 tumours were
chosen for analysis. To determine whether injected Xrel3
mRNA was present in the tumours, RT-PCR was performed
on total tumour RNA and from RNA of control-injected
epidermis using Xrel3-specific primers. When assayed at
stage 20, total Xrel3 RNA was present at much higher levels
in tumours than in normal epidermis (Fig. 2A). The
endogenous level of Xrel3 was determined using primers
complementary to sequences within the 5′ untranslated region
of Xrel3 that are not present in injected Xrel3 RNA. The level
of endogenous Xrel3 mRNA was not affected by introduction
of exogenous Xrel3 mRNA (Fig. 2A). Thus, Xrel3 did not
activate itself in these cells.
We next performed RT-PCR on tumour-derived RNA using
primers specific to genes expressed in terminally differentiated
tissues (Fig. 2B). The expression of these markers was assayed

Fig. 1. Xrel3-induced tumours
first appear at the late neurula
stage. (A) Tumours appear as
a pigmented patch
(arrowhead) on the ventral
epidermis of embryos injected
with 0.5 ng of Xrel3 (Xr3)
mRNA. Darkening on control
embryo at left is due to
shadow effect. (B) Xrel3induced tumours (arrowheads)
persist until at least the early
tadpole stage. Scale bars: 0.5
mm.
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Fig. 2. RT-PCR analysis of
Xrel3-induced tumours
dissected from stage 20
embryos. (A) Endogenous
Xrel3 is not activated by
introduction of exogenous
Xrel3 mRNA. Total Xrel3 RNA
(Xrel3) levels remain higher in
tumours than in skin but
endogenous levels are not
altered. (B) Xrel3-induced
tumours express epidermal
(epidermal keratin, Ker) but not
mesodermal (cardiac actin) or
neural (Nrp1 and Hoxb9 (Hb9))
differentiation markers. Histone
levels in all RT-PCR assays
were used to standardise
loading amounts.

in order to determine the embryonic germ layer origin of the
tumours. They included muscle mesoderm (cardiac actin),
neural tissue (Nrp1 and Hoxb9) and epidermis (epidermal
keratin). Analysis of Hoxb9, cardiac actin and Nrp1 mRNA
indicated that these markers were not expressed or were
expressed at very low basal levels in skin and tumour samples.
Epidermal keratin, however, was expressed at very high levels
in both skin and tumour samples. These observations indicate
that the tumours were not induced to commit along a
mesodermal or neural tissue lineage.
Both Gli1 and Shh have been associated with cellular
proliferation and certain types of cancer, particularly the skin
malignancy nevoid basal cell carcinoma (Matise and Joyner,
1999). In normal Xenopus development, mRNAs encoded by
these genes accumulate in the notochord, ventral floor plate of
the neural tube and in the developing brain (Ekker et al, 1995;
Lee et al, 1997; Marine et al., 1997). Xrel3 mRNA accumulates
in the notochord and brain and in otocysts of neurulae and
tailbud embryos (Yang et al., 1998). Rel is also required to
activate Shh and Gli1 signalling in chick limb development
(Kanagae et al., 1998; Bushdid et al., 1998) and overexpression
of Gli1 in Xenopus embryos gave rise to epidermal growths
resembling Xrel3-induced tumours (Dahmane et al., 1997).
These lines of evidence suggested that Xrel3 might also
activate Shh and Gli1 in tumours. Indeed both Gli1 and Shh

mRNA levels were upregulated in tumours removed from
embryos at Stage 20 (Fig. 3A).
We determined if other markers, present in tissues that
normally express Xrel3, were also expressed in Xrel3-induced
tumours. twist is a mesodermal marker that is normally
expressed in neural crest and in the non-muscle mesoderm
(including the notochord) (Hopwood et al., 1989), while Otx2
is an anterior marker that is normally expressed in the otocysts
and head region of Xenopus embryos (Pannese et al., 1995;
Kablar et al., 1996). Expression of both of these genes was
upregulated in stage 20 tumours (Fig. 3A). Other members of
the Hedgehog and Gli gene families, including cephalic
hedgehog (Ekker et al., 1995), Gli3 (Marine et al., 1997) (Fig.
3A) and banded hedgehog (Ekker et al., 1995) (not shown),
were not expressed or were expressed at very low levels in both
skin and tumour samples.
At Stage 16/17, tumours are visible as pigmented patches on
the embryo surface. Both Otx2 and Shh mRNA levels in
tumours were higher at this stage, while both twist and Gli1
mRNA levels were low and relatively at the same level with
that found in normal embryonic epidermis (Fig. 3B). At Stage
26/27, Gli1, Otx2 and twist levels all were higher in tumours
than in the skin (Fig. 3C). This observation indicates that the
expression of Shh and Otx2 is associated with tumours that are
initiated early in development by Xrel3 overexpression, but
that expression of Gli1 and twist occurs later.
The activation of the above patterning markers was
examined in isolated animal cells. Embryos were injected as
usual at the two-cell stage. At Stage 8, the animal regions
(caps) were dissected away from the rest of the embryos. At
this stage there are low levels of Shh, Gli1 and Otx2 RNAs,
which do not differ between injected and control cells (Fig.
4A). Twist was not expressed at this stage in either embryos or
animal caps. These results indicate that Xrel3 (either
endogenous or exogenous) is insufficient at the blastula stage
to activate expression of Shh, Gli1, Otx2 or twist above
background levels.
The dissected caps were allowed to heal and assayed at a
time when tumours are normally visible on the embryo (Stage
20). There was no difference in levels of endogenous Xrel3
mRNA between the control and Xrel3-injected cells (Fig. 4B),
but there was still a significant amount of total (injected plus
endogenous) Xrel3 mRNA in the Xrel3-injected caps. Thus, as
in dissected tumours, the effects we observed in isolated animal
cells at stage 20 were due to introduction of exogenous Xrel3

Fig. 3. Increased expression of
Shh, Gli1, Otx2 and twist mRNA
in Xrel3-induced tumours as
compared with normal epidermis.
(A) Tumour RNA from stage 20
embryos analysed by RT-PCR
using primers specific for Xenopus
Shh, Gli1, Otx2 , twist, cephalic
hedgehog (Chh), Gli3 and Xag1
(XAG). (B) Stage 16 tumours have
higher levels of Shh RNA only.
(C) Analysis of RNA from stage
26 tumours shows continued
higher expression of Gli1, Otx2
and twist than in epidermis.
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RNA. Shh, Gli1 and Otx2 expression levels at stage 20 were
higher in animal caps isolated from Xrel3-injected embryos
than in control caps (Fig. 4B).
twist RNA expression did not change as a result of Xrel3
overexpression, suggesting that the dissected tumours (as in
Fig. 3) probably contained contaminating twist-expressing
cells (Fig. 4B). In addition, we did not detect cardiac actin
expression in the Xrel3-injected caps (Fig. 4B), indicating that
mesoderm induction did not occur. To confirm the expression
of Shh, Gli1 and Otx2 in tumours, we performed whole-mount
in situ hybridisation on embryos that had been injected with
Xrel3 mRNA at the two-cell stage. These analyses directly
illustrated that the tumours accumulated mRNA corresponding
to these markers (Fig. 4C).
The above results indicated that inductive interactions from
the underlying tissue were not required for Shh, Gli1 and Otx
gene activation by Xrel3. They show that activation of these
genes by Xrel3 was cell autonomous but required an additional
event that occurred after gastrulation.
Disruption of normal anterior development by a Cterminal deletion mutant of Xrel3
The Rel/NF-κB proteins consist of a highly conserved Nterminal domain, called the Rel homology domain (RHD), that
is required for DNA binding, dimerisation and nuclear
localisation (Chen and Ghosh, 1999). The C-terminal region is
variable in length and structure, but in some members,
particularly RelA and cRel, the C-terminal domain contains
sequences required for transactivation (Schmitz et al., 1985;
Martin and Fresno, 2000). In studies designed to determine the
domains of the Xrel3 protein that are required for tumour
formation (B. B. L., unpublished observations), we developed
a mutant clone in which the 58 C-terminal residues were
deleted. This region comprises the putative transactivation
domain of Xrel3 and is required for tumour formation (data not
shown).
The mutant protein, Xrel3∆58, interfered with the normal
function of synthetic Xrel3. To explain the biochemical
mechanism of action of Xrel3∆58, we determined its DNA
binding and dimerisation properties by electrophoretic
mobility shift assays using DNA probes with known Rel/NFκB binding consensus sequences and by immunoprecipitation.
The in vitro-translated RHD of Xrel3 (Fig. 5A) and wild-type
Xrel3 (Fig. 5B) bound the κB perfect palindromic consensus
sequence with high affinity. Xrel3∆58 protein, however, bound
the κB sequence very weakly or not at all (Fig. 5). Full-length
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Xrel3 protein, when co-translated with Xrel3∆58 RNA,
progressively lost its ability to bind DNA with increasing
proportion of Xrel3∆58 (Fig. 5B). This result indicates that
Xrel3∆58 competitively inhibits the ability of Xrel3 to bind
DNA.
The reduced ability for Xrel3 to bind DNA when cotranslated with Xrel3∆58 might be due to its decreased in vitro
translation efficiency or through interference by Xrel3∆58.
Labelling of co-translation products with [35S]methionine
indicated that Xrel3 and Xrel3∆58 mRNAs were translated to
roughly equivalent levels, ruling out the possibility of reduced
efficiency (Fig. 6B). We also predetermined the relative
proportions of Xrel3 and Xrel3∆58 before subjecting them to
EMSA analysis. Thus, the competition experiments shown in
Fig. 5B are a true indication of the ability for Xrel3∆58 to
interfere with the function of wild-type Xrel3 protein. Finally,
western blot analysis of protein extracts from embryos injected
with Xrel3∆58 and Xrel3 RNA showed that their translation
products were proportionately stable at least until the late
neurula stage, indicating efficient in vivo translation of the
mRNA (B. B. L., R. F. and K. R. K., unpublished observations).
The hallmark of dominant negative interference by mutant
proteins like Xrel3∆58 is their ability to inhibit their wild-type
counterparts when they oligomerise with them (e.g., Amaya et
al., 1991). Xrel3∆58 on its own does not bind the consensus
κB DNA sequence, yet it also inhibits the DNA-binding ability
of wild-type Xrel3, probably by dimerisation. To confirm the
dimerisation potential of Xrel3, Xrel3 and Xrel3∆58 cDNAs
were subcloned into vectors encoding a peptide tag containing
six copies of a human Myc epitope. Translation products made
from these plasmids were fusion proteins that contained the
Myc tag at the N terminus (Fig. 6A). Myc-Xrel3 RNA was
also able to cause tumours when injected into embryos
indicating that the epitope did not interfere with the activity of
Xrel3. Using an anti-Myc monoclonal antibody, Xrel3∆58
consistently co-precipitated with Myc-tagged Xrel3, and
heterodimeric complexes containing both species could be
covalently linked by glutaraldehyde fixation (Fig. 6B). These
results indicate that Xrel3∆58 dimerised with wild-type Xrel3,
but in so doing, also reduced its ability to bind DNA. They
also indicate that Xrel3∆58 can act as a dominant negative
interference mutant.
When Xrel3∆58 RNA was injected into the animal poles of
two-celled embryos, it was unable to cause tumours, but the
embryos developed anterior patterning defects when examined
later in development. Injection of Xrel3∆58 mRNA resulted in

Table 2. Distribution of phenotypes caused by Xrel3∆58 overexpression
Picograms of injected mRNA
Xrel3∆58
0
250
500
1000
500
500
500
500 (dorsal)
500 (ventral)
500 (dorsal)

Numbers (percentages) of embryos

Xrel3

Number of experiments

I (normal)

II (Cyclopia)

III and IV

V (acephaly)

Total

0
0
0
0
50
150
250

10
4
6
4
3
3
3

426 (94)
69 (67)
77 (44)
29 (25)
61 (55)
60 (61)
68 (69)

20 (4)
28 (27)
70 (40)
40 (35)
41 (37)
35 (35)
30 (30)

2 (1)
3 (3)
16 (10)
23 (20)
6 (5)
3 (3)
0 (0)

1 (1)
3 (3)
11 (6)
23 (20)
3 (3)
1 (1)
1 (1)

452
103
174
115
111
99
99

0
0
250 (dorsal)

4
4
3

4 (6)
31 (58)
28 (65)

21 (36)
13 (25)
9 (21)

21 (36)
7 (13)
4 (9)

12 (21)
2 (4)
2 (5)

58
53
43
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Fig. 4. Expression of Shh, Gli1 and Otx2 in dissected animal caps is cell-autonomous. (A) Animal caps, dissected from embryos injected with
0.5 ng Xrel3 mRNA at stage 8 and assayed at stage 10 by RT-PCR show no differences in levels of Shh, Gli1 and Otx2. (B) Xrel3overexpressing animal caps at the equivalent stage 20 have higher levels of expression of Shh, Gli1 and Otx2. (C) Analysis of expression of Shh
(green arrowhead), Gli1 (red arrowhead) and Otx2 (black arrowhead) in tumours by whole mount in situ hybridisation. Albino embryos were
injected with 0.5 ng Xrel3 and processed at the tailbud stage. Scale bars: 0.5 mm.

a graded increase in the proportion of anterior-defective
embryos in a dose-dependent manner (Fig.7A). The defective
embryos displayed a variety of phenotypes, including reduced

eyes (grade II), anopthalmy or synopthlamy and microcephaly
(no eyes or fused eyes and small head, grades III and IV) to
acephalic embryos (no heads, grade V) (Table 2). Although
these phenotypes superficially resembled those of the
dorsoanterior index (DAI; Kao and Elinson, 1988), they
differed substantially because they did not have apparent
defects in dorsoanterior mesoderm (see below). We could not,
therefore, apply the DAI scale to these embryos. Co-injection
of 250 pg of wild-type Xrel3 with 500 pg of Xrel3∆58 mRNA
resulted in rescue of normal development, indicating that the
effects were due specifically to Xrel3∆58 mRNA (Fig. 7B).
We were concerned that the penetrance of the effect of
animal pole injection of Xrel3∆58 mRNA on anterior
patterning was relatively low. At 0.5 ng of Xrel3∆58 RNA,
only 57% of the embryos developed head defects, while coinjection of wild type Xrel3 up to 0.25 ng resulted in rescue of
normal embryos from 43% to 73% (Fig. 7B). The low
percentage of affected embryos might be due to a variety of
possibilities, but a likely scenario is that injection into the
animal pole does not sufficiently target the mRNA to the
appropriate region of the embryo. We therefore performed
experiments to more precisely localise the injected RNA to the
future head-forming region.
Dorsoanterior structures, including the head, arise from the
side opposite the sperm entry site in fertilised embryos. To
target injection of the mRNA to the future dorsal side, we tilted
zygotes by 90° within 40 minutes of fertilisation to ensure the
Fig. 5. Xrel3∆58 competitively inhibits binding by Xrel3 to the κB
enhancer sequence. (A) Xrel3∆58 binds the perfect κB element very
weakly in an EMSA reaction, when compared with the RHD of
Xrel3 alone. Binding specificity is shown using increasing quantities
of unlabeled κB sequence (cold competitor). Much less competitor is
required to eliminate Xrel3∆58 binding (2 ng) than Xrel3RHD
binding (1000 ng). (B) Equal amounts of Xrel3 (lanes 2-4) were cotranslated with increasing proportions of Xrel3∆58 (0-1.3x) and used
in an EMSA with the κB perfect palindrome as a probe. Free probe
(lane 1) is not retarded in the gel, and Xrel3∆58 alone (lane 6) binds
the palindrome weakly.
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Fig. 6. Xrel3∆58 competitive inhibition occurs through dimerisation
with full-length Xrel3. (A) Maps of constructs. Wild-type Xrel3
consists of a Rel-homology domain (stippled box) and a C-terminal
domain (hatched box) with transactivation motifs (TA) at the extreme
C terminus. The 58 C-terminal residues are deleted in Xrel3∆58,
which includes the putative TA-region. Xrel3 was fused with a
human Myc-epitope by subcloning the Xrel3-coding region into
pCS2+mt, which encodes six copies of the epitope and is recognised
by the 9E10 antibody. (B) Xrel3-Myc fusion protein (mt-Xrel3) was
co-translated with Xrel3 (lane 2) or Xrel3∆58 (lane 1) and resolved
by SDS-PAGE. Arrowheads indicate full-length translation products.
(C) mt-Xrel3, alone or covalently, crosslinked to co-translated Xrel3
or Xrel3∆58 using 0.005%, 0.01% and 0.015% glutaraldehyde, was
immunoprecipitated and resolved on SDS-PAGE. Sample in lane on
extreme right is Myc-tagged Xrel3 co-translated in vitro with
Xrel3∆58. The top bands represent covalently linked Myc-tagged
Xrel3 (mtXrel3/mtXrel3), Myc-tagged Xrel3 dimerised with wildtype Xrel3 (mtXrel3/Xrel3) or Myc-tagged Xrel3 dimerised with
Xrel3∆58 (mtXrel3/Xrel3∆58). The lower bands represent unlinked
monomeric subunits (mtXrel3, Xrel3 or Xrel3∆58) that coimmunoprecipitated with mtXrel3.

position of the dorsal axis opposite the sperm entry site.
Injection of 500pg Xrel3∆58 mRNA in the dorsal side caused
94% of the embryos to develop anterior defects (Fig. 7C).
Alternatively, injection of the same quantity of mRNA in the
ventral side caused only 40% of the embryos to develop head
defects (Fig. 7C) and most of these were scored as grade II
embryos (Table 2). This number of defective embryos could
have been due to improper placement of the injection needle
exactly opposite the dorsal side, or to diffusion of mRNA to
the target on the dorsal side. Co-injection of 500pg Xrel3∆58
mRNA with 250pg wild-type Xrel3 mRNA into the dorsal side
of tilted embryos reduced the
number of defective embryos
to 35% (Fig. 7C), with mostly
minor (grade II) head defects
(Table 2). These experiments
indicate that injection of
dominant
negative
Xrel3
mRNA on the dorsal side
specifically inhibits anterior
development.
The injection of Xrel3∆58
mRNA caused a graded loss of
anterior neural development
(Fig. 8I-K). The embryos had
normal looking notochords
and spinal cords from the head
(Fig. 8E) to the trunk region
(Fig. 8F) but rhombencephalic
Fig. 7. Overexpression of a dominant negative Xrel3 mutant causes anterior-defective embryos.
(hindbrain) development was
(A) Embryos injected at the two-cell stage with varying concentrations (0.25 to 1.0 ng) of Xrel3∆58
over represented. The ventral
mRNA showed varying degrees of phenotypic alterations when compared with normal embryos (top, I)
hindbrain structure was greatly
when assessed at the tadpole stage. Defects ranged from mildly reduced eyes, forebrain and cement gland
exaggerated with an enlarged
(II) to more significant reduction or loss of these structures (III), microencephaly, cyclopia (IV) and
brain vesicle accounting for
anencephaly (V). (B) The percentages of anterior defective embryos combined from several experiments
the large gap that was visible
is shown in the histogram. Dead embryos and embryos that failed to gastrulate were not included in these
on the dorsal anterior aspect
analyses. The bar showing reduction of defects in Xrel3∆58 mRNA-injected embryos by co-injection of
of the head (Fig. 8E,H).
0.25 ng wild-type Xrel3 mRNA is indicated by the asterisk. Numbers at tops of bars indicate total number
Depending on the severity of
of embryos scored. (C) Microinjection of 0.5 ng Xrel3∆58 in the dorsal side of the embryo causes head
the phenotype, the mesendefects. D, dorsal injection; D*, dorsal co-injection of 0.25 ng Xrel3 and 0.5 ng Xrel3∆58; V, ventral
injection. Scale bar: 0.5 mm.
cephala (midbrains) of these
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embryos were reduced in size and lacked the typical
diencephalic, eye and prosencephalic (forebrain) structure of
control embryos (Fig. 8D). All embryos partially or completely
lacked cement gland cells normally located ventrally. The
apparent over-representation of hindbrain and lack of more
anterior elements suggested that the former was expanded at
the expense of the latter. These observations indicated that
although neural tissue was present at the anterior end of the
embryo, it was not patterned into normal head elements caudal
to the hindbrain.
We performed in situ hybridisation on Xrel3∆58-injected
embryos at the neurula stage that had clear anterior defects
using probes against Otx2, Shh, Gli1 and Nrp1. Injection of
0.5 ng of Xrel3∆58 mRNA caused disruption of normal Otx2
and Nrp1 patterning at the anterior end of the embryo (Fig.
9C,D). At the early neurula stage, Shh mRNA was normally
found in the anterior neural plate, and in the dorsal midline of
the neural plate that develops into the ventral floor plate (Fig.
9E). In Xrel3∆58-injected embryos, this pattern was lost or
diminished greatly (Fig. 9F). Gli1 transcripts appeared to
normally accumulate in the developing nervous system (Lee
et al., 1997), with higher levels in the prospective brain region
(Fig. 9G), while in Xrel3∆58-injected embryos, there was a
significant reduction in this pattern of accumulation (Fig. 9H).
These effects on anterior and neural patterning are not likely
to be due to early effects of Xrel3∆58 on dorsoventral
specification before gastrulation, since injected embryos
undergo gastrulation with complete blastopore closure. In
addition, expression of mRNA encoding chordin, a secreted
patterning morphogen required for the specification of dorsal
and neural fates (Larrain et al., 2000) in the dorsal lip region
of the gastrula (Fig. 9I,J), and that of the pan-mesodermal
marker Xbra (Smith et al., 1991), were unaltered by
overexpression of Xrel3∆58 (Fig. 9K,L). These results suggest
that Xrel3∆58 specifically inhibits the expression of neural
patterning genes, and imply that Xrel3 is required for anterior
neural patterning.
DISCUSSION
The formation of tumours in embryos indicates that Xrel3
cannot itself direct the development of anterior embryonic
structures, even though the tumours expressed neural and
anterior patterning genes. One pathway by which this
proliferative response by Xrel3 overexpression might occur is
through Gli1 signalling. Several lines of evidence support this
hypothesis. First, overexpression of Gli1 causes epidermal
embryonic tumours in Xenopus, and Gli1 is overexpressed in
human basal cell carcinoma (Dahmane et al, 1998; Matise and
Joyner, 1999). Second, Rel is required in the proliferation zone
of the developing chick limb bud for the expression of Shh and
Gli1 (Kanagae et al., 1998; Bushdid et al., 1998). Third, our
results show that Xrel3-induced tumours appear coincidentally
and express Shh and Gli1 mRNA at the early neurula stage.
Finally, although ectopic overexpression in mammals of Shh
and Gli genes is oncogenic, Shh/Gli signalling has a wellconserved role in normally promoting epithelial stem cell
proliferation, including cells of the developing nervous system
(Hynes et al, 1997; Parisi and Lin, 1998; Fan and Khavari,
1999; Matise and Joyner, 1999; Weschler-Reya and Scott,

1999, Britto et al., 2000). We propose that Xrel3 in Xenopus
is normally required for the activation of Shh/Gli1signalling,
which leads to cell proliferation.
Our data also indicate that Xrel3 is required for the
expression of Xenopus Otx2. The Otx family of proteins
represent a class of homeodomain-containing transcriptional
regulators related to the Drosophila anterior pole-patterning
gene orthodenticle (otd), which are required for anterior
development (Hirth and Reichert, 1999; Acampora et al.,
2000). In Xenopus embryos, Otx2 is expressed in the cement
gland, the anterior neural region and in the otocysts (Pannese
et al., 1995), and ectopic expression of Otx2 results in
cement gland formation (Gammill and Sive, 1997). In mice,
targeted disruption of Otx2 causes embryos to die during
embryogenesis (Ang et al., 1996). The aborted embryos lack
heads and have body axis defects that are analogous to
Xrel3∆58-injected embryos. In addition to head patterning,
Otx2 is required for the formation of the otocyst, or inner ear
structures in mouse embryos (Morsli et al., 1999). Wholemount in situ hybridisation in Xenopus indicates strong
expression of Xrel3 in otocysts which are abnormal in
Xrel3∆58-injected embryos (Yang et al., 1998) (Fig. 8).
Neural development in frogs results from an inhibition of
bone morphogenetic protein (BMP)-signalling in the dorsal
side of the embryo by factors such as noggin and chordin
(Hemmati-Brivanlou and Melton, 1997; Larrain et al., 2000).
The cement gland develops at the most anterior extent of the
head, resulting from an interaction between Bmp4 and Otx2
(Gammill and Sive, 2000). Higher levels of Bmp4 prevent
cement gland and neural tissue differentiation and lower
levels permit brain development (Gammill and Sive, 2000).
Ironically, Xrel3-induced tumours did not express cement
gland markers even though they inappropriately expressed
Otx2. It is possible that the tumours expressed high enough
levels of Bmp4 to inhibit cement gland formation, initiated by
ectopic Otx2. We are presently determining the more precise
role of Xrel3 and other Rel/NF-κB proteins in neural
differentiation, by activating its ectopic expression after
gastrulation.
At the cellular level, Xrel3 may be required to support cell
proliferation to ensure that adequate numbers of cells are
present in the structures in which it is expressed, accounting
for the formation of tumours in either ectoderm- or endodermderived cells (Yang et al., 1998). Another possible function
related to proliferation might be that Xrel3, like other Rel/NFκB proteins (de Martin et al., 1999; Barkett and Gilmore, 1999)
prevents programmed cell death in the developing embryo. In
support of this latter idea, previous studies have shown that
large numbers of apoptotic cells were detected in the
developing Xenopus neurula (Hensey and Gautier, 1998).
Xenopus embryos have been used as an in vivo model system
to study oncogenic activity (Wallingford, 1999). So far, in
addition to Xrel3, overexpression of Gli1 (Dahmane et al.,
1998) and a dominant negative form of the p53 tumour
suppressor and its wild-type antagonist Mdm2 all cause similar
epidermal tumours when injected into the early embryo
(Wallingford et al., 1997). One possibility is that each of these
proteins initiates the same responses leading to tumour
formation, or it is possible that they represent steps along the
same pathway(s) that lead to loss of cell-cycle control in early
development.
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Fig. 8. Histological analysis of head-defective embryos. Control
(A,B,C) and Xrel3∆58 mRNA injected embryos (D,E,F) with clear
head-defective phenotypes were serially sectioned and examined at
comparable levels, as determined by anatomical landmarks. Embryo
sections are through the mesencephalon (mes) or midbrain (A,D),
rhombencephalon (Rh) or hindbrain (B,E), and trunk (C,F). fg,
foregut; No, notochord; Nt, neural tube; Ot, Otocyst. Dorsal views of
control (G) and Xrel3∆58 (H) embryos are shown before sectioning
with level of section indicated by yellow bars. Letters next to yellow
bars correspond to histological sections in A to F. (I-K) Early tadpole
embryos processed for whole-mount RNA in situ hybridisation using
Nrp1 as a neural marker. An unaffected embryo (I) has a full
complement of brain, eyes, otocysts and spinal cord, while there is
progressive loss of anterior structure and organisation in type II (J)
and V (K) embryo. Scale bars: 0.1 mm for A-F; 0.5 mm for G,H;
0.25 mm for I-K.

Our findings should be useful in determining the mechanism
of oncogenesis by Rel/NF-κB proteins. The prototype Rel
gene was the transforming viral oncogene vRel, which
causes leukaemia in birds (Gilmore, 1999), and Rel/NF-κB

overexpression has been implicated in numerous lymphomas,
leukaemias and solid tumours in humans (Rayet and Gelinas,
1999). That Rel/NF-κB activates Gli1 expression in these
tumours and in Gli1 overexpressing cancers is an intriguing
notion.
An alternative means to inhibit Xrel3 function besides
dominant negative interference by Xrel3∆58 would be to
overexpress in embryos, the natural Rel/NF-κB inhibitor,
IκB (e.g. Tannahill and Wardle, 1995). Our unpublished
observations suggest that, unlike most Rel proteins, Xrel3 is
not sequestered in the cytoplasm. Transient transfections of
mammalian fibroblasts with a green fluorescent protein – Xrel3
fusion protein always resulted in fluorescent protein in nuclei
and injection of GFP-Xrel3 plasmid DNA into embryos
consistently indicated protein localisation to the nucleus. These
observations indicate to us that Xrel3 is constitutively active in
embryos and differentiated cells and, unusually, not under the
control of a cytoplasmic inhibitor.
Our experiments provide some insight into the functional
aspects of domains of the Rel protein itself. Crystallographic
and biochemical studies place the DNA-binding and
dimerisation domain in the (approx. 220 residue) N-terminal
Rel homology domain (Chen and Ghosh, 1999), while the Cterminal region is required for the transactivating activity of the
Fig. 9. Anterior-defective embryos have
disrupted expression patterns of neural
patterning markers in neurulae but normal
expression of mesodermal markers at
gastrulation. Control (A,C,E,G,I,K)
embryos are compared against Xrel3∆58
(B,D,F,H,J,L) injected embryos. Stage 15
embryos were stained for nrp-1 (A,B), Otx2
(C,D), Shh (E,F) and Gli1 (G,H). Stage 1010.5 embryos were stained for chordin (I,J)
and Xbra (K,L) and viewed from the vegetal
pole. Blue arrowheads in E and F indicate
specific expression (dark blue-black stain)
of Shh in floor-plate and white arrows
indicate expression of Shh in prospective
brain. Similarly, green arrowheads in G and
H indicate expression in prospective brain of
Gli1. White letters indicate perspective
views of embryos: A; anterior; D, dorsal; L,
lateral. Embryos in A-D are shown at
anterior end. Ar, archenteron; No,
notochord. Scale bars=0.5 mm.
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protein (Schmitz et al., 1995; Martin and Fresno, 2000).
Interestingly, although our C-terminally deleted form of Xrel3
could not bind DNA, and interfered with the binding of wildtype Xrel3 to a κB consensus, it was still able to heterodimerise
with the wild-type protein. This finding suggests that, like a
closely related Rel family member, RelA (Zhong et al., 1998),
the C-terminal domain may interact with the N terminus.
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authors gratefully acknowledge Trudy Wells-Toms, Lori Ann Foley
and Judy Foote for technical assistance, and Tamara Holowacz, Gary
Paterno and Laura Gillespie for important discussion and comments.
B. B. L. is a recipient of an NSERC graduate student fellowship.

REFERENCES
Acampora, D., Gulisano, M. and Simeone, A. (2000) Genetic and molecular
roles of Otx homeodomain proteins in head development. Gene 246, 23-35.
Amaya, E., Musci, T.J. and Kirschner, M.W. (1991). Expression of a
dominant negative mutant of the FGF receptor disrupts mesoderm formation
in Xenopus embryos. Cell 66, 257-270.
Ang, S., Jin, O., Rhinn, M., Daigle, N., Stevenson, L. and Rossant, J.
(1996). A targeted mouse Otx2 mutation leads to severe defects in
gastrulation and formation of axial mesoderm and to deletion of rostral
brain. Development. 122, 243-252.
Armstrong, N., Steinbesser, H., Prothmann, C., DeLotto, R. and Ruup, R.
(1998). Conserved Spatzle/Toll signaling in dorsoventral patterning of
Xenopus embryos. Mech. Dev. 71, 99-105.
Attar, R., Caamano, J., Carrasco, D., Iotsova, V., Ishikawa, H., Ryseck,
R., Weih, F. and Bravo, R. (1997). Genetic approaches to study Rel/NFkappa B/I kappa B function in mice. Semin. Cancer Biol. 8, 93-101.
Barkett, M. and Gilmore, T.D. (1999). Control of apoptosis by Rel/NFkappaB transcription factors. Oncogene 18, 6910-6924.
Bearer, E. (1994). Distribution of Xrel in the early Xenopus embryo: a
cytoplasmic and nuclear gradient. Eur. J. Cell Biol. 63, 255-268.
Britto, J.M., Tannahill D. and Keynes, R.J. (2000). Life, death and sonic
hedgehog. BioEssays 22, 499-502.
Bushdid, P., Brantley, D., Yull, F., Blaeuer, G., Hoffman, L., Niswander, L.
and Kerr, L. (1998). Inhibition of NF-κB activity results in disruption of
the apical ectodermal ridge and aberrant limb morphogenesis. Nature 392,
615-618.
Chen, C., Edelstein, L. C. and Gelinas, C. (2000). The Rel/NF-kappaB
family directly activates expression of the apoptosis inhibitor Bcl-x(L). Mol.
Cell Biol. 20, 2687-2695.
Chen, F. E. and Ghosh, G. (1999). Regulation of DNA binding by Rel/NFkappaB transcription factors: structural views. Oncogene 49, 6845-6852.
Dahmane, N., Lee, J., Robins, P., Heller, P. and Ruiz i Altaba, A. (1998).
Activation of the transcription factor Gli1 and the Sonic hedgehog signalling
pathway in skin tumours. Nature 389, 876-881.
de Martin, R., Schmid, J. A. and Hofer-Warbinek, R. (1999) The NFκB/Rel family of transcription factors in oncogenic transformation and
apoptosis. Mutat. Res. 437,231-243.
Dixon, M.J. (1997). Twist and shout. Nat. Genet. 15, 3-4.
Drier, E.A. and Steward, R. (1997). The dorsoventral signal transduction
pathway and the Rel-like transcription factors in Drosophila. Semin. Cancer
Biol. 8. 83-92.
Drier,E.A., Govind, S. and Steward, R. (2000). Cactus-independent
regulation of Dorsal nuclear import by the ventral signal. Curr. Biol. 13, 2326.
Ekker, S., McGrew, L., Lai, C., Lee, J., von Kessler, D., Moon, R. and
Beachy, P. (1995). Distinct expression and shared activities of members
of the hedgehog gene family of Xenopus laevis. Development 121, 23372347.
Fan, H. and Khavari, P. A. (1999). Sonic hedgehog opposes epithelial cell
cycle arrest. J. Cell Biol. 147, 71-76.
Foo S. Y. and Nolan, G. P. (1999). NF-κB to the rescue: RELs, apoptosis and
cellular transformation. Trends Genet. 15, 229-235.
Gammill, L.S. and Sive, H. (1997). Identification of otx2 target genes and
restrictions in ectodermal competence during Xenopus cement gland
formation. Development. 124, 471-481.

Gammill LS and Sive H. (2000). Coincidence of otx2 and BMP4 signaling
correlates with Xenopus cement gland formation. Mech. Dev. 92, 217-226.
Gerondakis, S., Grossmann, M., Nakamura, Y., Pohl, T. and Grumont, R.
(1999). Genetic approaches in mice to understand Rel/NF-κB and IκB
function: transgenics and knockouts. Oncogene 18, 6888-6895.
Gilmore, T. D. (1999). Multiple mutations contribute to the oncogenicity of
the retroviral oncoprotein v-Rel. Oncogene 18, 6925-6937.
Good, P. J., Rebbert, M. L. and Dawid, I. B. (1993). Three new members
of the RNP protein family in Xenopus. Nucleic Acids Res. 21, 999-1006.
Govind, S. (1999). Control of development and immunity by rel transcription
factors in Drosophila. Oncogene 18, 6875-6887.
Hahn, H., Wojnowski, L., Miller, G. and Zimmer, A. (1999). The patched
signaling pathway in tumourigenesis and development: lessons from animal
models. J. Mol. Med. 77, 459-468.
Harland, R. M. (1991). In situ hybridization: an improved whole-mount
method for Xenopus embryos. Methods Cell Biol. 36, 685-695.
Hemmati-Brivanlou, A. and Melton, D. (1997). Vertebrate neural induction.
Annu. Rev. Neurosci. 20, 43-60.
Hensey, C. and Gautier, J. (1998). Programmed cell death during Xenopus
development: a spatio-temporal analysis. Dev. Biol. 203, 36-48.
Hirth, F. and Reichert, H. (1999). Conserved genetic programs in insect and
mammalian brain development. BioEssays 21, 677-684.
Hopwood, N., Pluck, A. and Gurdon, J. (1989). A Xenopus mRNA related
to Drosophila twist is expressed in response to induction in the mesoderm
and the neural crest. Cell 59, 893-903.
Hynes, M., Stone, D. M., Dowd, M., Pitts-Meek, S., Goddard, A., Gurney,
A. and Rosenthal, A. (1997). Control of cell pattern in the neural tube
by the zinc finger transcription factor and oncogene Gli-1. Neuron 19, 1526.
Israel, A. (2000). The IKK complex: an integrator of all signals that activate
NF-kappaB? Trends Cell. Biol. 10, 129-133.
Jamrich, M., Sargent, T. D. and Dawid, I. B. (1987). Cell-type-specific
expression of epidermal cytokeratin genes during gastrulation of Xenopus
laevis. Genes Dev. 1, 124-132.
Kablar, B., Vignali, R., Menotti, L., Pannese, M., Andreazzoli, M., Polo,
C., Giribaldi, M.G., Boncinelli, E. and Barsacchi, G. (1996) Xotx genes
in the developing brain of Xenopus laevis. Mech. Dev. 55, 145-158.
Kanagae, Y., Tavares, A., Belmonte, J. and Verma, I. (1998). Role of Rel/NF
kappaB transcription factors during the outgrowth of the vertebrate limb.
Nature 392, 611-614.
Kao, K. R. and Elinson, R. P. (1988). The entire mesodermal mantle behaves
as Spemann’s Organizer in dorsoanterior enhanced Xenopus laevis embryos.
Dev. Biol. 127, 64-77.
Kao, K. R. and Hopwood, N. D. (1991). Expression of a mRNA related to
c-rel and dorsal in early Xenopus laevis embryos. Proc. Natl. Acad. Sci. USA
88, 2697-7201.
Kao, K. and Lockwood, A. (1996). Negative regulation of dorsal patterning
in early embryos by overexpression of XrelA, a Xenopus homologue of NFκB. Mech. Dev. 58, 129-139.
Krieg, P. A. and Melton, D. A. (1987). In vitro RNA synthesis with SP6 RNA
polymerase. In Methods in Enzymology 155, 397-415.
Larrain, J., Bachiller, D., Lu, B., Agius, E., Piccolo, S. and De Robertis,
E. M. (2000). BMP-binding modules in chordin: a model for signalling
regulation in the extracellular space. Development 127, 821-830.
Lee, J., Platt, K., Censullo, P. and Ruiz i Altaba, A. (1997). Gli1 is a target
of Sonic hedgehog that induces ventral neural tube development.
Development 124, 2537-2552.
Marine, J-C., Bellefroid, E., Pendeville, H., Martial, J. and Pieler, T.
(1997). A role for Xenopus Gli-type zinc finger proteins in the early
embryonic patterning of mesoderm and neuroectoderm. Mech. Dev. 63, 211225.
Martin, A. G. and Fresno, M. (2000). TNFα activation of NF-κB requires
the phosphorylation of Ser 471 in the transactivation domain of c-Rel. J.
Biol. Chem. (in press).
Matise, M. P. and Joyner, A. L. (1999). Gli genes in development and cancer.
Oncogene 18, 7852-7859.
Mavrothalassitis, G., Beal, G. and Papas, T. S. (1990). Defining target
sequences of DNA-binding proteins by random selection and PCR:
determination of the GCN4 binding sequence repertoire. DNA Cell Biol. 9,
738-788.
Mohun, T. J., Brennan, S., Dathan, N., Fairman, S. and Gurdon J. B.
(1984). Cell type-specific activation of actin genes in the early amphibian
embryo. Nature 311, 716-721.
Morsli, H., Tuorto, F., Choo, D., Postiglione, M., Simeone, A. and Wu, D.

Rel/NF-κB is required for head development
(1999). Otx1 and Otx2 activities are required for the normal development
of the mouse inner ear. Development126, 2335-2343.
Nieuwkoop, P. and Faber J. (1994). Normal Table of Xenopus laevis
(Daudin). New York: Garland.
Pahl, H. L. (1999). Activators and target genes of Rel/NF-κB transcription
factors. Oncogene 18, 6853-6866.
Pannese, M., Polo, C., Andreazzoli, M., Vignali, R., Kablar, R., Barsacchi,
G. and Boncinelli, E. (1995). The Xenopus homologue of Otx2 is a
maternal homeobox gene that demarcates and specifies anterior body
regions. Development 121, 707-720.
Parisi M. J. and Lin, H. (1998).The role of the hedgehog/patched signaling
pathway in epithelial stem cell proliferation: from fly to human. Cell Res.
8, 15-21.
Park, H. L., Bai, C., Platt, K. A., Matise, M. P., Beeghly, A., Hui, C. C.,
Nakashima, M. and Joyner, A. L. (2000). Mouse gli1 mutants are viable
but have defects in SHH signaling in combination with a gli2 mutation.
Development 127, 1593-1605.
Rayet, B. and Gelinas, C. (1999). Aberrant rel/nfkb genes and activity in
human cancer. Oncogene, 18, 6938-6947.
Richardson, J., Gatherer, D. and Woodland, H. (1995). Developmental
effects of over-expression of normal and mutated forms of a Xenopus NFκB homologue. Mech. Dev. 52, 165-177.
Ruiz i Altaba, A. (1999). The works of GLI and the power of Hedgehog. Nat.
Cell. Biol. 1, E147-E148.
Sagerström, C. G., Grinblat, Y. and Sive, H. (1996). Anteroposterior
patterning in the zebrafish, Danio rerio: an explant assay reveals inductive
and suppressive cell interactions. Development. 122, 1873-1883.
Schmitz, M. L., dos Santos Silva, M. A. and Baeuerle, P. A.(1995).
Transactivation domain 2 (TA2) of p65 NF-κB. Similarity to TA1 and
phorbol ester-stimulated activity and phosphorylation in intact cells. J Biol.
Chem. 270, 15576-15584.

273

Sharpe, C. R., Fritz, A., De Robertis, E. M. and Gurdon, J. B. (1987). A
homeobox-containing marker of posterior neural differentiation shows the
importance of predetermination in neural induction. Cell 50, 749-758.
Sive, H. L., Hattori, K. and Weintraub, H. (1989). Progressive determination
during formation of the anteroposterior axis in Xenopus laevis. Cell 58, 171180.
Smith, J. C., Price, B. M., Green, J. B., Weigel,D. and Herrmann, B. G.
(1991). Expression of a Xenopus homolog of Brachyury (T) is an
immediate-early response to mesoderm induction. Cell 67, 79-87.
Suzuki, K., Yamamoto, T. and Inoue, J. (1995). Molecular cloning of cDNA
encoding the Xenopus homolog of mammalian RelB. Nucleic Acids Res. 23,
4664-4669.
Suzuki, K., Tsuchida, J., Yamamoto, T. and Inoue, J. (1998). Identification
and expression of the Xenopus homolog of mammalian p100-NFκB2. Gene
206, 1-9.
Tannahill, D. and Wardle, F. (1995). Control of axis formation in Xenopus
by the NF-κB-IκB system. Int. J. Dev. Biol. 39, 549-558.
Wallingford J. (1999). Tumours in tadpoles: the Xenopus embryo as a model
system for the study of tumourigenesis. Trends Genet. 15, 385-388.
Wallingford, J., Seufert, D., Virta, V. and Vize P. (1997). p53 activity is
essential for normal development in Xenopus. Curr. Biol. 7, 747-757.
Wechsler-Reya R. J. and Scott, M. P. (1999). Control of neuronal precursor
proliferation in the cerebellum by Sonic Hedgehog. Neuron 22, 103-114.
Wickling, C., Smyth, I. and Bale, A. (1999). The hedgehog signalling
pathway in tumourigenesis and development. Oncogene 18, 7884-7851.
Yang, S., Lockwood, A., Ford, R., Hollett, P. and Kao, K. (1998).
Overexpression of a novel Xenopus rel mRNA gene induces tumours in
early embryos. J. Biol. Chem. 273, 13746-13752.
Zhong, H., Voll, R.E. and Ghosh, S. (1998). Phosphorylation of NF-κB p65
by PKA stimulates transcriptional activity by promoting a novel bivalent
interaction with the coactivator CBP/p300. Mol. Cell 1, 661-671.

