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Abstract

In Xenopus embryos, body patterning and cell specification are initiated by transcription factors, which are themselves transcribed during
oogenesis, and their mRNAs are stored for use after fertilization. We have previously shown that the T-box transcription factor VegT is both
necessary and sufficient to initiate transcription of all endoderm, and most mesoderm genes. In the absence of maternal VegT, no
mesodermal organs (including the heart) or endodermal organs form. A second maternal transcription factor XTcf3 acts as a global repressor
of transcription of dorsal genes, whose repression is inactivated on the dorsal side by a maternally encoded Wnt signaling pathway. In the
absence of �-catenin, no mesodermal or endodermal organs form. We show here that the maternally encoded transcription factor CREB is
also essential for development. It is required for the initiation of expression of several mesodermal genes, including Xbra, Xcad2, and -3
and also regulates the cardiogenic gene Nkx 2-5. We show that maternal CREB-depleted embryos develop gastrulation defects that are
rescued by the reintroduction of activated CREB mRNA. We conclude that maternal CREB must be added to the list of essential maternal
transcription factors regulating cell specification in the early embryo.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

During vertebrate development, the heart is one of the
first functional organs to form. In Xenopus, the heart is
derived from the anterior lateral plate mesoderm. Although
the heart tissue is fully derived from the mesoderm, it has
been shown that endoderm signaling is required for its
formation (Sater and Jacobson, 1989). The genes Nkx2-5
and Nkx2-3 are the first known markers of the cardiac
primordia. These genes are homologues of the tinman gene
in Drosophila that is essential for heart formation (Bodmer,
1993). Overexpression of either Nkx2-5 or Nkx2-3 in Xeno-
pus causes an enlarged heart (Cleaver et al., 1996). Al-
though BMPs are required for the maintenance of Nkx
expression at later stages of cardiac development, the reg-
ulation of initiation of Nkx expression is not understood.

The candidate signaling pathways that may regulate Nkx
2-5 expression in Xenopus include the maternal VegT-initi-
ated nodal signaling pathway, the maternal Wnt/�-catenin

pathway, and the cAMP/CREB-activated pathway. Xenopus
embryos lacking either maternal VegT or �-catenin have no
heart development. VegT-depleted embryos also lack all
endodermal and most mesodermal differentiation markers
(Zhang et al., 1998), while �-catenin-depleted embryos lack
only dorsal derivatives of these germ layers (Heasman et al.,
1994). A recent study showed that depletion of �-catenin
caused the formation of multiple hearts in mice (Lickert et
al. 2002).

Another candidate for the role of initiating Nkx 2-5
expression is the cAMP response element binding protein,
CREB, which has been suggested to initiate heart tube
formation in Drosophila (Venkatesh et al., 2000). CREB
was first identified as a factor that binds to DNA and
activates transcription in response to the hormone soma-
tostatin (Montminy and Bilezikjian, 1987). Subsequent
studies have implicated CREB as a downstream effector in
many signaling pathways that are activated in response to
growth factors (Finkbeiner et al., 1997), neurotransmitters
(Pende et al., 1997), and peptide hormones (Klemm et al.,
1998). Transcriptional activation by CREB requires the
phosphorylation of CREB on a consensus Ser133, which is
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essential for its dimerization as well as binding to its partner
CBP. This complex then activates transcription by binding
to CRE elements (TGACGTCA) that are present upstream
of CREB target genes (Montminy, 1997; Shaywitz and
Greenberg, 1999).

CREB homologues have been identified in vertebrates as
well as many invertebrates. Two CREB homologues,
dCREB-A and dCREB-B, have been identified in Drosoph-
ila. Absence of dCREBA leads to deletion of dorsal and
ventral cuticular structures (Andrew et al., 1997). dCREB-B
was shown to bind to multiple CRE elements present up-
stream of the ubx gene and mediates dpp signaling in the
endoderm (Eresh et al., 1997). More recently, CREB was
implicated in the regulation of tinman, the homologue of
Nkx2-5 gene in Drosophila (Venkatesh et al., 2000). The
function of CREB in mammalian development has been
analyzed in mice by generation of mice lacking one, two, or
all three isoforms. Disruption of either the � or both � and
� isoforms did not cause lethality, although these mice
showed learning and memory disorders (Bourtchuladze et
al., 1994). However, when all three isoforms were dis-
rupted, the embryos survive to birth, but died soon after
birth due to deficiency of surfactant proteins in the lung
(Rudolph et al., 1998). These mice also show elevated levels
of CREM and ATF1, proposed to compensate for CREB
function during embryonic development. Mice lacking both
CREB and ATF1 die at embryonic day 9.5, indicating that
these proteins have important embryonic functions (Bleck-
mann et al., 2002). Recently, CREB has been shown to be
required for the regulation of cell and mouse embryo size
through its activation by Rho GTPase (Sordella et al., 2002).
In Xenopus, the injection of mouse dnCREB mRNA caused
severe posterior defects and strong spina bifida and inhib-
ited activin-induced mesoderm formation in animal cap
explants (Lutz et al., 1999). However, no direct study has
been carried out on the function of endogenous CREB in
Xenopus.

Here, we show firstly that, surprisingly, Nkx 2-5 mRNA
is robustly expressed in VegT� embryos, �-catenin� em-
bryos, and VegT�/�-catenin� embryos. Furthermore, inhib-
iting BMP signaling with a specific inhibitor, cmBMP7,
does not block Nkx2-5 expression. Next, we show that
CREB is a maternal gene and that CREB phosphoprotein is
abundant in the Xenopus oocyte and early embryo. To
address the question of whether CREB regulates zygotic
genes, we used antisense oligos to deplete the maternal
protein. We show that maternal CREB regulates the expres-
sion of a specific subset of mesodermal genes, including the
myocardial precursor marker, Nkx.2-5, the general meso-
dermal gene, Xbra, the ventrolateral mesodermal transcrip-
tion factors, Xcad2 and -3 and the RNA binding protein,
Xpo. These genes are not expressed or have reduced expres-
sion throughout the gastrula stage in maternal CREB-de-
pleted embryos. The lack of expression of these early me-
sodermal genes correlates with gastrulation defects in
maternal CREB� embryos, and these defects are partially

rescued by the reintroduction of activated CREB mRNA.
High-dose embryos arrest at gastrulation, while low-dose
embryos have shortened axes, head defects, and fail to
develop normal hearts.

Materials and methods

Oocytes and embryos

Full-grown oocytes were manually defolliculated and cul-
tured in oocyte culture medium (OCM) as described in Wylie
et al. (1996). Oocytes were injected with oligo using a Medical
Systems picoinjector in OCM. Injection of oligo into the veg-
etal poles of oocytes was more effective at depleting CREB
mRNA than injection into the equatorial region, so vegetal
injections were used throughout these experiments. Oocytes
were cultured a total of 48 h at 18°C before fertilization. In
preparation for fertilization, they were stimulated to mature by
the addition of 2 �M progesterone to the culture medium and
cultured for 10–12 h. Oocytes were then labeled with vital
dyes and introduced into a stimulated female host by using the
host–transfer technique described previously (Heasman et al.,
1991). Three hours after being placed in the frog’s body cavity,
the eggs were stripped and fertilized along with host eggs using
a sperm suspension. Embryos were maintained in 0.1 �
MMR, and all the colored, experimental embryos were sorted
from host embryos. Unfertilized eggs and abnormally cleaving
embryos were removed from all batches. For embryo injec-
tions, fertilized eggs were treated with cysteine for removal of
the outer jelly coat and transferred to 2% Ficoll (Pharmacia) in
0.5% MMR. Oligo or RNAs were injected into embryos into
the two- to four-cell-stage embryos vegetally. The embryos
were later transferred to 0.1� MMR.

Oligos and mRNAs

The antisense oligo sequences (Sigma Genosys) used
were as follows: VegT antisense oligo, 5�-C*A*G*CA-
GCATGTACTT*G*G*C-3� (Zhang et al., 1998); �-catenin
antisense oligo, 5�-T*G*C*C*TTTCGGTCTG*G*C*T*C-
3� (Wylie et al., 1996); CREB antisense oligos T1, 5�-
C*A*T*C*TGTTGGGCTT*C*T*G*C-3� and T2, 5�-
A*G*T*T*GTATGGCTCC*T*C*C*T-3�, where * in all
the sequences indicates a phosphorothioate bond. The other
linkages were phosphodiester bonds. The morpholino oligo,
MO targeted against CREB, had the sequence CACTGC-
CTCCTCTCCGTCACATTGG (Gene Tools). Oligos were
resuspended in sterile water and were injected in doses of
4–6 ng per oocyte. The oocytes were cultured immediately
at 18°C. RNAs were synthesized by linearizing the plasmid
vectors containing subcloned cDNAs and transcribing the
linear template with SP6 polymerase in the presence of cap
analog and GTP using the Megascript kit (Ambion). RNAs
were ethanol precipitated and resuspended in sterile, dis-
tilled water for injection.
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Analysis of gene expression using real-time RT-PCR

Total RNA was prepared from oocytes, embryos, and ex-
plants using proteinase K and then treated with RNase-free
DNase as described (Zhang et al., 1998). Approximately one-
sixth embryo equivalent of RNA was used for cDNA synthesis
with oligo (dT) primers followed by real-time RT-PCR and
quantitation using the “Light Cycler” System (Roche) as de-
scribed in Kofron et al. (2001). The primers and cycling con-
ditions used are listed in Table 1. Relative expression values
were calculated by comparison to a standard curve generated
by serial dilution of uninjected control cDNA. Samples were
normalized to levels of ornithine decarboxylase (ODC), which
was used as a loading control. Samples of water alone or
controls lacking reverse transcriptase in the cDNA synthesis
reaction failed to give specific products in all cases.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as
described (Harland, 1991) by using BM Purple as substrate
(Roche). After satisfactory color development, embryos
were fixed in MEMFA for 1 h at room temperature, washed,
and stored in 100% ethanol. Some embryos were also
treated in 10% H2O2 to bleach out the pigment.

Western blotting

Oocytes or embryos (2 each per sample) were suspended
in PBS containing protease inhibitors and extracted with
freon to remove yolk protein. The extracts were then pre-
cipitated with acetone and denatured by using 1� Laemmli
buffer and electrophoresed on a denaturing SDS-PAGE.

Table 1
List of primers used in quantitative RT-PCR

PCR
Primer
Pair

Origin Sequence Denat
Temp
(°C)

Annealing
Temp
(°C)/Time
(s)

Extension
Temp
(°C)/Time
(s)

Acquisition
Temp
(°C)/Time
(s)

BMP-4 Houston et al., 2002 U:5�-ACC CAT AGC TGC AAA TGG AC-3� 95 55/5 72/12 81/3
D:5�-CAT GCT TCC CCT GAT GAG TT-3�

CREB New U:5�-GCA GAAGCC CAA CAG ATGACA ATA C-3� 95 55/5 72/12 83/3
D:5�-TGT GTG GAG ACT GAA TGA CAG AAG G-3�

Chordin XMMR U:5�-AAC TGC CAG GAC TGG ATG GT-3� 95 55/5 72/12 81/3
D:5�-GGC AGG ATT TAG AGT TGC TTC-3�

GATA2 New U:5�-CTA AAC AGA GGA GCA AGA GC-3� 95 55/5 72/15 83/3
D:5�-CCT AAG TTC CTC AAA AC-3�

GATA4 Xanthos et al., 2001 U:5�-AGT GCT ACT GCT GCT ACC TC-3� 95 54/5 72/15 87/3
D:5�-ACT GTA GGA GAC CTC TCT GC-3�

GATA5 Xanthos et al., 2001 U:5� ACCTTCAGAGCTGCGACACT-3� 95 60/5 72/20 86/3
D:5� CAGTGTATTGCCATACTGGTC-3�

GATA6 Xanthos et al., 2001 U:5�-CCA ACC GGG AGC CCC GAT A-3� 95 60/5 72/26 88/3
D:5�-GCT GCT GTA GCC TGT ATC C-3�

NCAM Kofran et al., 1999 U:5�-CAC AGT TCC ACC AAA TGC-3� 95 60/5 72/13 84/3
D:5�-GGA ATC AAG CGG TAC AGA-3�

Nkx 2-3 Houston et al., 2002 U:5�-TCGTGTATGTTGGCAGCAGGAG-3� 95 56/5 72/11 85/3
D:5�-CCTCTTCATCTTCTTCTTTGGGGTC-3�

Nkx 2-5 New U:5�-ACA CAG AGA GAG AGA TTG GGT GGC-3� 95 55/5 72/13 83/3
D:5�-TCA GTG AGT TCA GAG AGG CAA GGG-3�

ODC Heasman et al., 2000 U:5�-GCC ATT GTG AAG ACT CTC TCC ATT C-3� 95 55/5 72/12 83/3
D:5�-TTC GGG TGA TTC CTT GCC AC-3�

Siamois Heasman et al., 2000 U:5�-CTG TCC TAC AAG AGA CTC TG-3� 95 55/5 72/16 81/3
D:5�-TGT TGA CTG CAG ACT GTT GA-3�

Xbra Sun et al., 1999 U:5�-TTC TGA AGG TGA GCA TGT CG-3� 95 55/5 72/8 75/3
D:5�-GTT TGA CTT TGC TAA AAG AGA CAG G-3�

Xcad2 New U:5�-ACCACCACCAACGGTAAGAC-3� 95 55/5 72/12 82/3
D:5�-GAGTGGTTGTTGAGGCCTGT-3�

Xcad3 New U:5�-TCT CCT CAT CCA TCT GGG ACT G-3� 95 55/5 72/15 83/3
D:5�-AGT TCT GTC TTC CGC CTG ATA GTG-3�

Xnr-3 Kofron et al., 1999 U:5�-CTT CTG CAC TAG ATT CTG-3� 95 57/5 72/10 79/3
D:5�-CAG CTT CTG GCC AAG ACT-3�

Xpo New U:5�-ACCTGGAGCATTGGGTTATG-3� 95 55/5 72/11 80/3
D:5�-GGGATAGGGAAGGATGCAAT-3�

Xsox17� Xanthos et al., 2001 U:5�-GCA AGA TGC TTG GCA AGT CG-3� 95 58/5 72/8 85/3
D:5�-GCT GAA GTT CTC TAG ACA CA-3�

Wnt8 Ding et al., 1998 U:5�-CTG ATG CCT TCA GTT CTG TGG-3� 95 58/6 72/14 85/3
D:5�-CTA CCT GTT TGC ATT GCT CGC-3�
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The proteins were blotted on to PVDF and probed with
anti-CREB antibody (1:500) (Calbiochem) or anti-phospho-
CREB antibody (1:250) (Upstate) followed by appropriate
HRP-conjugated secondary antibody. The protein bands
were visualized by using ECL (Amersham) reagents. The
blots were also probed with anti �-tubulin antibody (Sigma)
as a loading control.

Results

Nkx2-5 continues to be expressed in embryos lacking
either Wnt- or VegT- initiated signaling pathways

Previous experiments showed that both the maternal
VegT-initiated and Wnt signaling pathways are essential for

the establishment of endodermal and mesodermal tissues
(Kofron et al., 1999; Xanthos et al., 2001). VegT-depleted
embryos lack all activin-type signaling as evidenced by the
lack of Smad2 phosphorylation at the blastula stage (Lee et
al., 2002). Embryos injected with morpholino targeting
�-catenin lack all Wnt signaling activity (Heasman et al.,
2000). However, Nkx2-5 and -2-3 continued to be expressed
in these embryos. Fig. 1A shows that VegT�, �-catenin�,
and �-catenin�/VegT� embryos express similar amounts of
Nkx2-5 and Nkx2-3 mRNA as wild-type sibling embryos.
They also express normal levels of ventral mesodermal gene
GATA2. BMP4 is overexpressed in VegT� embryos. In
comparison, other mesodermal genes and all endodermal
genes are not transcribed in VegT� embryos (Fig. 1B;
Xanthos et al., 2001), while � catenin� embryos fail to

Fig. 1. Expression of early heart markers in VegT- and �-catenin-depleted embryos. (A, B) Oocytes were depleted with antisense oligonucleotides for VegT
and/or �-catenin and a host transfer experiment was carried out as described in Materials and methods. The resulting embryos were collected at stage 14 (A)
and analyzed for the expression of Nkx2-3, Nkx2-5, BMP4, and GATA2 by real time RT-PCR. (B) The expression of Chordin and Xsox17� in the same
samples. Expression levels were normalized to ODC. (C) In situ hybridization for Nkx2-5 in VegT- and �-catenin-embryos: Embryos were injected at the
two- to four-cell stage with antisense morpholino oligonucleotides for VegT or �-catenin as described in Materials and methods. The resulting embryos were
fixed in MEMFA at neurula stage (stage 16) and probed for Nkx2-5 expression pattern as described in Materials and methods.
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express dorsal and anterior markers such as chordin (Fig.
1B; Kofron et al., 1999; Xanthos et al., 2002).

To compare the expression patterns of Nkx2-5 mRNA in
wild type, VegT�, and �-catenin� embryos further, we
carried out whole-mount in situ hybridization at the neurula
stage. Fig. 1C indicates that Nkx2-5 mRNA expression is in
the same anterior, ventral heart-forming area but is more
diffuse, occurring over a broader region in VegT� and
�-catenin� embryos compared with sibling control embryos
at the early neurula stage. These data show that there is an
early signaling event independent of both the Wnt- and the
VegT-initiated pathway that initiates the expression of
Nkx2-5 in a broad area of the anterior ventral mesodermal
territory. This expression is more narrowly focused into the
heart-forming region by signals downstream of the Wnt- and
VegT-initiated pathway.

The BMP signaling pathway does not initiate Nkx2-5
mRNA expression in VegT� embryos

Previous studies from several groups have shown that
Nkx2-5 expression is regulated by BMP4 in Xenopus em-

bryos (Shi et al., 2000; Walters et al., 2001). Since BMP4
and -7 mRNAs are overexpressed in VegT� embryos (Fig.
1A; Kofron et al., 1999; Xanthos et al., 2002), we next
tested whether BMP signaling was responsible for initiating
Nkx2-5 expression in these embryos. We have shown pre-
viously that the cleavage mutant form of BMP7, cmBMP7,
inhibits BMP signaling in a specific fashion since injection
of cmBMP7 mRNA into one blastomere of the eight-cell-
stage embryo significantly reduced Smad1 phosphorylation
at the early gastrula stage, without inhibiting Smad2 phos-
phorylation (Xanthos et al., 2002). To ensure that inhibition
occurred throughout the embryos, we injected wild type and
VegT� oocytes with cmBMP7 mRNA prior to maturation.
The oocytes were fertilized and analyzed by RT-PCR for
the expression of Nkx2-5 at the early and late neurula stages.
Fig. 2 indicates that Nkx2-5 is expressed normally in wild
type and VegT� embryos, in which BMP signaling is in-
hibited by cmBMP7. To show that cmBMP7 was active in
this experiment, we also tested the expression of the neural
gene NCAM, since cmBMP7 is known to induce neural
markers (Hawley et al., 1995). NCAM expression was in-

Fig. 2. Blocking BMP signals does not affect Nkx2-5 expression. (A, B) Oocytes were injected with VegT antisense oligo (VegT�) or cmBMP7 mRNA
(cmBMP) or both (VegT�� cmBMP). After fertilization, the embryos were collected at stage 13 (A) and 19 (B) and analyzed for the expression of Nkx2-5
and NCAM by real time RT-PCR and normalized for ODC expression. (C, D) 150 pg of cmBMP7 was injected into oocytes and a host transfer experiment
was carried out as described. Embryos were collected at stages 14, 19 (C), 22, and 26 (D) to analyze the expression of Nkx2-5 and NCAM.
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duced in embryos injected with cmBMP7 mRNA (Fig 2).
Even when both Smad1 phosphorylation and Smad2 phos-
phorylation are inhibited in the same embryos (cmBMP7 �
VegT� embryos; Fig. 2A), Nkx2-5 is expressed at wild-type
levels at the gastrula and neurula stages. While Nkx2-5
mRNA expression is normal at the late neurula stage (stage
19, Fig. 2B and C), it is significantly reduced 3 h later at the
early tailbud stage (stage 22) in BMP signaling-deficient
embryos compared with control levels (Fig. 2D). These
results confirm and extend those of Walters et al. (2001),
showing that the BMP signaling pathway does not regulate
the initiation of Nkx 2-5 mRNA expression, but is required
at the early tailbud stage to maintain its expression.

Cloning and characterization of Xenopus laevis maternal
CREB

To address the possibility that the maternal transcription
factor CREB is responsible for Nkx2-5 expression, we next
characterized the Xenopus CREB gene. Previous studies
showed that a CREB transcript is present in oocytes (Lutz et
al., 1999). Using a putative CREB EST present in a X. laevis
maternal EST database (Blackshear et al., 2001), we de-
signed primers to amplify the full-length CREB gene from a
maternal cDNA library. The amplified sequences were iso-
lated, cloned into appropriate vectors, and the coding se-
quence was identified. The sequence analysis revealed that

Fig. 3. Characterization of Xenopus CREB. (A) Comparison of the amino acid sequences of mouse and Xenopus CREB. The �-peptide missing in the Xenopus
CREB sequence is highlighted. (B) Embryos were collected at indicated stages, and RT-PCR was carried out to analyze the expression of CREB RNA. (C)
Oocytes and embryos were collected at indicated stages. Western blot analysis was carried out as described in Materials and methods, using a human �-CREB
antibody (top) or a �-phospho-CREB monoclonal antibody (middle). �-Tubulin was used as a loading control (lower).
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the Xenopus CREB gene has an ORF of 925 bp. The puta-
tive amino acid sequence shows high homology to the
mouse CREB protein (Fig. 3A). The maternal X. laevis
CREB differs from mouse CREB in that it lacks the �-pep-
tide that connects the KID domain and the Q1 domain.
Thus, the Xenopus CREB is more similar to the second
isoform of CREB known in mammals (Montminy, 1997).

In a developmental series (Fig. 3B) we found that CREB
mRNA is present at high levels at the cleavage and blastula
stages. A second peak of expression occurs at the mid-
gastrula stage. Analysis of early embryos indicated that
CREB mRNA is expressed throughout the early embryo in
animal, equatorial, and vegetal cells (data not shown). We
confirmed that the CREB mRNA is translated, by Western
blotting analysis (Fig. 3B). We identified two bands about
�43 kDa, one possibly a posttranslationally modified form
of Xenopus CREB protein. Since CREB is functional only
as a phosphorylated protein, we then looked for phosphor-
ylated CREB using a phospho-CREB antibody. Fig. 3C
shows that phosphorylated CREB is present in oocytes as

well as in cleavage and early blastula-stage embryos. Al-
though the amount of CREB protein decreased compared
with the oocyte level by the early blastula stage, the amount
of active phospho-CREB increased (Fig. 3C).

Antisense mediated depletion of maternal CREB mRNA

To target maternal CREB, we used two chimeric phos-
phorothioate/phosphodiester antisense oligos (see Materials
and methods). Phosphorothioate/phosphodiester antisense
oligos are unstable and are ineffective at degrading mRNA
when injected into embryos (Woolf et al., 1990). However
when phosphorothioate/phosphodiester antisense oligos are
injected into oocytes, they degrade maternal mRNA and do
not affect zygotic transcription of the gene of interest. We
have shown previously that when oocytes injected with
chimeric oligos are fertilized and develop to the gastrula
stage, the maternal target mRNAs are degraded but zygotic
transcription occurs normally (Zuck et al., 1998; Wylie et
al., 1996; Zhang et al., 1998). Here, oligos were injected at

Fig. 4. Depletion analysis of CREB. (A, B) Oocytes were depleted with thiol modified antisense oligonucleotides, T1 or T2, for CREB mRNA. Oocytes were
collected after 24–48 h and analyzed for level of depletion of CREB RNA by real time RT-PCR. The level of protein depletion was also analyzed by Western
blotting using a �-CREB antibody for depletion with thioate oligoT2 (C) and depletion with the morpholino oligo, MO (D). (E) Embryos were injected with
MO at the two-cell stage and collected at indicated stages and analyzed by Western blotting with �-CREB antibody. �-Tubulin was used as a loading control
in (C–E).
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Fig. 5. Phenotypic analysis of CREB depletion and ectopic expression of CREB mRNA. (A) Oocytes were depleted with antisense thioate oligonucleotide
T2 at the indicated doses, and a host transfer experiment was carried out as described. The resulting embryos showed a delayed gastrulation. In (B), embryos
were marked on the dorsal side with Nile blue and then observed during gastrulation. Arrows indicate the Nile blue staining on the dorsal side (C) A
comparison of late-stage embryos. (D) Synthetic CREB mRNA was injected at indicated doses into oocytes, and a host transfer experiment was carried out.
The effect of ectopic CREB expression on gastrulation was observed. (E, F) 600 pg of CACREB RNA was injected 48 h after oligo injections, and a host
transfer experiment was carried out as described. CREB-depleted embryos injected with CACREB were able to gastrulate (E) and were able to develop into
more normal neurula stage embryos than those depleted of CREB (F).
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various concentrations into oocytes and, after culturing the
oocytes for 24–48 h, the depletion of maternal CREB
mRNA was analyzed by RT-PCR. Two oligos were found
to be very efficient in depleting maternal CREB mRNA to
less than 5% control levels when injected at 3–6 ng/oocyte
(Fig. 4A and B; oligos T1 and T2). Western blotting con-
firmed that the level of maternal CREB protein decreased by
60% in oocytes injected with these oligos (Fig. 4C; and data
not shown).

We also used a morpholino oligo (MO) to target both
maternal and zygotic CREB mRNA. In contrast to standard
oligos, morpholino oligos work by forming a stable com-
plex with the target mRNA to prevent its translation (Heas-
man et al., 2000). The efficacy of the oligo was analyzed by
Western blotting for CREB protein. We confirmed that
when this oligo is injected into oocytes, it also depleted
maternal CREB protein to less than 30% control levels in
the oocytes (Fig. 4D). We also used this oligo to target the
zygotic CREB protein by injecting it at the two-cell stage.
Fig. 4E shows that embryos injected with MO at the two-
cell stage have significant depletion of CREB protein at the
gastrula and neurula stages.

Maternal CREB is required for normal gastrulation

Next, we carried out oocyte transfer experiments to de-
termine the phenotypic effect of maternal CREB depletion
on embryonic development. Using various doses of the
antisense thioate oligo T2 (1.5–6 ng), we depleted the
maternal pool of CREB from oocytes and transferred them
to host females and fertilized them. The maternal CREB�

embryos developed normally until gastrulation. The first
abnormality that we observed occurred at gastrulation. Em-
bryos that were injected with higher doses of oligo (more
than 6 ng) were completely inhibited at gastrulation, al-

though the cells continued to divide and survived until
sibling embryos reached the tailbud stage (data not shown).
Embryos injected with lower doses of oligo formed the
dorsal blastopore lip in a delayed fashion, but the ventral
and lateral blastopore lips did not appear when control
embryos had complete blastopores (Fig. 5A). To confirm
that the ventral lip was affected, we marked the dorsal side
of these embryos with Nile blue at the four-cell stage and
observed that the absence of lip formation was always on
the ventral side of the embryo (Fig. 5B). These embryos did
neurulate and eventually developed to tailbud stages and
formed abnormal tadpoles (Fig. 5C).

To confirm that the effect of the phosphorothioate oligos
on development was specific, we tested whether injecting
CREB mRNA into embryos depleted of maternal CREB
reversed this effect. First, we analyzed the effect of over-
expressing CREB mRNA alone by injecting 600 pg into
oocytes before maturation. Embryos overexpressing CREB
mRNA develop normally to the gastrula stage and have
gastrulation abnormalities, including more rapid formation
of the blastopore ring and protrusion of the blastopore (Fig.
5D). Next, oocytes were injected with T1 CREB oligo and,
after 48 h, half of the oocytes were injected with 600 pg
activated CREB mRNA. Embryos injected with CREB
oligo alone showed the delayed gastrulation phenotype,
while maternal CREB� embryos injected with CACREB
mRNA were not arrested in gastrulation and developed with
more normal body axes (Fig. 5E and F). These data confirm
that the effect of T2 oligo on gastrulation is specifically due
to the depletion of maternal CREB.

To examine whether zygotic CREB protein played an
essential role in early development, we investigated the
effects of injecting the morpholino oligo (MO) against
CREB. When MO is injected into oocytes and then cultured
for 2 days before fertilization, there is a significant reduction

Fig. 6. Effect of morpholino oligo injection in oocytes and embryos. (A) Oocytes were injected with 6 ng MO or 4.5 ng of T2, and a host transfer experiment
was carried out after 48 h. Both MO- and T2-injected embryos were delayed in gastrulation. The arrows indicate the delayed ventral balstopore region. (B)
6 ng MO was injected into embryos at the two- to four-cell stage. The resulting embryos show no delay in gastrulation.
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of maternal CREB protein (Fig. 4D). Embryos derived from
these oocytes have the same phenotype as that caused by
injecting T1 or T2 oligo (Fig. 6A). However, MO injected
into the two-cell-stage embryo targets the zygotic CREB
protein predominantly (Fig. 4E). Embryos treated in this
fashion have no gastrulation defects and develop normally
(Fig. 6B). Taken together, these results show that the gas-
trulation phenotype is the result of the depletion of maternal
protein and that zygotic CREB protein is not essential for
early development.

Maternal CREB regulates the expression of specific
zygotic ventrolateral and general mesodermal genes

We next studied candidate genes that might be affected
by CREB depletion. We performed RT-PCR on wild type
and CREB� embryos at the early and mid-gastrula stages to
compare the expression of zygotic regionally expressed
genes, including siamois, Xnr3 (dorsal mesodermal); Xbra
(general mesodermal); Xpo, the Cdx genes, Xcad2 and
Xcad3, BMP4, Xwnt 8 (ventral mesodermal); Xsox17,
GATA4 and -6 (endodermal) and chordin (dorsal endoder-
mal). As shown in Fig. 7A, a subset of zygotic genes, Xbra,
Xpo, Xcad2, and -3, are not expressed, or expressed at 10%
control levels in CREB� embryos. In comparison, BMP4, a
ventral mesodermal gene, is not affected. The expression of
zygotic CREB is slightly delayed but otherwise normal in
maternal CREB� embryos. Xwnt8 is delayed in its expres-
sion but is expressed at normal levels at later stages of
gastrulation.

Since Xbra has been shown to be required for gastrula-
tion movements (Conlon and Smith, 1999) and therefore
may be important in the CREB� phenotype, we further
studied its expression in CREB� embryos by in situ hybrid-
ization. Fig. 7B confirms that Xbra is not expressed in a halo
around the blastoporal ring (embryo on the right in Fig. 7B)
unlike control, uninjected embryos (embryo in the center).

To confirm that Xcad2, Xcad3, Xpo, and Xbra were
regulated by maternal CREB, we analyzed these markers in
embryos rescued by the reintroduction of activated CREB
mRNA (Fig. 7C; siblings of the embryos shown in Fig. 5E).
While there was no rescue of Xbra, Xpo, Xcad2, and -3 at
the early gastrula stage in CREB� embryos injected with
CACREB mRNA, all four zygotic genes were significantly
rescued by the late gastrula stage. This delay in expression
coincided with the observed delay in rescue of gastrulation
movements.

Nkx2-5 is downstream of maternal CREB

Nkx2-5 expression starts at the neurula stage in Xenopus.
Fig. 8A shows that Nkx2-5 expression is initiated at the
correct time in CREB� embryos, at the early neurula stage,
but is not maintained at the correct level. In six experiments,
we observed that the expression of Nkx2-5 was always

about 40% of uninjected control embryo levels at the late
neurula stage (Fig. 8A). This lower expression was main-
tained at later stages of development (Fig. 8B). This sug-
gests that maternal CREB regulates, directly or indirectly,
the expression of Nkx2-5 mRNA during the neurula stage.
Injection of Xcad2 or Xcad3 did not increase the level of
Nkx2-5 in CREB� embryos, suggesting that these transcrip-
tion factors do not regulate Nkx2-5 (data not shown). Since
the morpholino oligo prevents zygotic as well as maternal
CREB activity we next compared the level of Nkx2-5 ex-
pression in embryos derived from oocytes injected with
CREB MO and cultured for 2 days. We observed a similar
downregulation of Nkx2-5 expression as for embryos de-
pleted only for maternal CREB (Fig. 8C). However, when
the morpholino oligo MO was injected after fertilization and
therefore targeted mainly the zygotic CREB, there was no
phenotypic effect and no reduction in the expression of
Nkx2-5 (Fig. 8D). This shows that zygotic CREB does not
play a part in the regulation of Nkx2-5 expression.

As the expression of Xcad genes and Xpo are reduced
throughout gastrulation, we asked whether they were ex-
pressed normally at the neurula stage. We used CREB�

embryos derived from MO-injected oocytes to prevent both
maternal and zygotic CREB synthesis through neurula
stage. Fig. 8E and F shows that, at the neurula stage, the
expression of Xpo and Xcad genes was at normal levels
compared with uninjected control embryos. This suggests
that a second CREB-independent wave of expression of
these genes occurs at this time.

Discussion

Three novel observations are made in this study. First,
we show that the expression of the early marker of myo-
cardial precursor, Nkx2.5, is regulated by the maternally
stored, leucine zipper transcription factor, CREB. Second,
we show that maternal CREB is essential for gastrulation in
Xenopus. Third, we demonstrate that CREB specifically
controls the expression of several ventrolateral and general
mesodermal transcription factors, including Xbra, Xcad2,
and Xcad3. These results place maternal CREB as an es-
sential determinant of cell specification in the gastrula.

CREB- a regulator of Nkx2.5 expression

This study was initiated because we observed that em-
bryos in which Wnt-, BMP-, or VegT-initiated signaling
was interrupted, continued to express the myocardial pre-
cursor marker, Nkx2-5. This was unexpected because all
three pathways have been implicated in myocardial devel-
opment. Xenopus embryos in which maternal and/or zygotic
Wnt signaling is interrupted by depletion of �-catenin
(Heasman et al., 2000) or Wnt11 (Pandur et al., 2001) lack
heart formation. Loss of BMP signaling leads to heart de-
fects and a reduction of Nkx2.5 expression in zebrafish
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(Reiter et al., 2001) and Xenopus. The maternal transcrip-
tion factor VegT regulates the signaling molecule FGF8
(Kofron et al., 1999) and the transcription factor GATA5
(Xanthos et al., 2001), both of which have been shown to
regulate Nkx2-5 (Alsan et al., 2002; Sparrow et al., 1998;
Reiter et al., 1999). Therefore, we tested whether maternal
and/or zygotic CREB might be the missing Nkx2-5 regula-
tor. We found that Nkx2-5 is initiated properly, but is not
sustained correctly in both maternal and maternal/zygotic
CREB embryos. We have not investigated here whether this
is the result of a direct interaction of CREB with Nkx2-5
promoter, although potential CRE-binding sites have been
reported in the mouse gene (Searcy et al., 1998). Although
no functional CRE binding sites have been reported in the
4.3-kb fragment of the Xenopus Nkx2-5 promoter, the
4.3-kb region has been shown to be sufficient to drive
transgene expression in the correct location (Sparrow et al.,
2000). Furthermore, we report here that CREB is ubiqui-
tously expressed in the early Xenopus embryo (data not
shown). This suggests that CREB maintains the level of
expression of Nkx2.5 rather than regulating the location of
Nkx2-5 activity. This work suggests that an unknown, ma-
ternal or zygotic initiator of Nkx2-5 expression remains to
be identified in Xenopus.

Maternal CREB is essential for gastrulation

We show here that CREB is required for successful
gastrulation, and that ventrolateral lip formation is particu-
larly sensitive to the levels of CREB expression. While high
doses of oligo prevent gastrulation completely, lower doses
only affect the lateral and ventral lip formation. Further
work is required to determine whether the defect is one of
adhesion, migration, or shape change. One likely down-
stream pathway is the convergent extension pathway that
has been shown to require the expression of the T-box gene,
Xbra (Conlon et al., 1996), which in turn regulates the
myocardial signaling molecule, Xwnt11 (Tada et al., 2000).
We show here that Xbra is downregulated in CREB-de-
pleted embryos. The relative resilience of the dorsal lip
compared to ventrolateral blastopore lip formation may be
explained by the fact that the dorsal segment of Xbra ex-
pression is regulated independently of the rest, by the ma-
ternal Wnt pathway (Lerchner et al., 2000; Yokota et al.,
2003). However, it is unlikely that Xbra is the only CREB
target gene involved in gastrulation. In preliminary experi-
ments, reintroducing Xbra mRNA into CREB� embryos did
not rescue the gastrulation phenotype (data not shown). In
mouse, CREB activity has been shown to be downstream of
the Rho-inhibitory protein p190-B Rho GAP (Sordella et
al., 2002). If Rho GAP modulates CREB phosphorylation in
a similar fashion in Xenopus, then CREB� embryos may be
expected to phenocopy the increased adhesion phenotype of
embryos expressing constitutively active Rho.

CREB-dependent ventral mesodermal specification

The most generally accepted mechanism by which
ventral mesodermal cells are thought to be specified is by
the activation of BMP target genes through the Smad1
signaling cascade. We demonstrate here that this picture
is too simple, since maternal CREB regulates a subset of
ventrolaterally expressed mesodermal genes, specifically
the caudal-type homeobox genes Xcad2 and -3 and the
gene encoding the RNA binding protein Xpo. This reg-
ulation is independent of the BMP pathway since Xcad2
and -3 continue to be expressed in embryos in which
Smad1 phosphorylation is blocked (data not shown). Pil-
lemer et al. (1998) also demonstrated that Xcad2 posi-
tively regulated ventral genes, including Xpo, Xvent1,
and Xvent2, and also inhibited secondary axis formation,
in the absence of BMP signaling.

It has been suggested that Xcad2 controls the compe-
tence of cells’ ability to respond to organizer inducing
signals (Levy et al., 2002). In this study, we saw no abnor-
mally sustained or increased expression levels of dorsal
organizer genes during gastrulation in CREB embryos, as
might be expected if Xcad2 acted as competence terminator.
However, a detailed in situ analysis may need to be per-
formed to see more subtle changes in the localization of
organizer genes in CREB-depleted embryos.

We found here that the expression of Xcad2 and -3
was at normal levels in neurula-stage CREB� embryos,
when both maternal and zygotic CREB were depleted. It
is unlikely that this is a nonspecific effect. Antisense
oligos can cause a nonspecific developmental delay, re-
sulting in the late appearance of gene expression. How-
ever, we show here that reintroduction of CREB mRNA,
in embryos depleted of CREB with a high dose of anti-
sense oligo, rescues the expression of Xcad2 and -3 at the
gastrula stage. Furthermore, although Xcad2 and Xcad3
are delayed 6 h in their expression in CREB� embryos,
other zygotic genes, including siamois and BMP4, are
expressed at the correct times. It seems likely, therefore,
that the later expression of Xcad2 and -3 is regulated by
a second pathway independent of CREB. A candidate for
the regulator of this Xenopus neurula pathway is the
fibroblast growth factor, FGF, which has been shown to
be required for both Xcad3 and Hox gene regulation in
the development of the posterior trunk and tail in Xeno-
pus neurulae (Pownall et al., 1996).

Despite the rapid emergence of pattern in both the
dorsal/ventral and primary germ layer (animal/vegetal)
axes of the embryo, only two maternally encoded tran-
scription factors (XTcf3 and VegT) have been shown to
be necessary and sufficient to initiate patterning of the
embryo. We show here that maternally encoded CREB
should be included in this list of pattern initiators in the
early Xenopus embryo.

347N. Sundaram et al. / Developmental Biology 261 (2003) 337–352



348 N. Sundaram et al. / Developmental Biology 261 (2003) 337–352



Fig. 7 (continued)

Fig. 7. Expression analysis of CREB depleted early gastrula embryos. Oocytes were injected with 4.5 ng of T2 and a host transfer experiment was carried
out. (A) The resulting CREB-depleted embryos were collected at indicated stages and analyzed for the expression of various mesodermal markers, Xpo,
Xcad2, Xcad3, Xbra, Xwnt8, Siamois, Xnr3, BMP4, Xsox17�, GATA4, -5, -6, and CREB by real time RT-PCR and normalized for expression of ODC. (B)
CREB-depleted embryos were collected at early gastrula and fixed in MEMFA. In situ hybridization was carried out as described in Materials and methods,
and expression of Xbra mRNA was analyzed. (C) Oocytes were injected with 4.5 ng antisense oligo T1. Forty-eight hours later, 600 pg of CACREB RNA
was injected and a host transfer experiment was carried out as described. Embryos were collected at indicated stages, and RT-PCR analysis was carried out
to analyze the expression of Xbra, Xpo, Xcad2, and -3. Expression levels were normalized to ODC.
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Fig. 8. Expression of Nkx2-5 in CREB-depleted embryos. Oocytes were injected with 4.5 ng of T2 (A, B) or 6 ng of MO (C), and a host transfer experiment
was carried out as described. Embryos were collected at indicated stages and analyzed for the expression of Nkx2-5 by real time RT-PCR. (D) Two-to
four-cell-stage embryos were injected with 6 ng of MO, and the embryos were analyzed at the indicated stages for the expression of Nkx2-5. (E, F)
CREB-depleted embryos were collected at neurula stages for the expression of Xcad2 and Xpo by real time RT-PCR. Expression levels were normalized for
the expression of ODC.
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