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Abstract
Most zygotic genes remain transcriptionally silent in Drosophila, Xenopus, and zebrafish embryos
through multiple mitotic divisions until the midblastula transition (MBT). Several genes have been
identified in each of these organisms that are transcribed before the MBT, but whether precocious
expression of specific mRNAs is important for later development has not been examined in detail.
Here, we identify a class of protein coding transcripts activated before the MBT by the maternal
T-box factor VegT that are components of an established transcriptional regulatory network
required for mesendoderm induction in Xenopus laevis, including the Nodal related ligands xnr5,
xnr6, and derrière and the transcription factors bix4, and sox17α. Accumulation of phospho-
Smad2, a hallmark of active Nodal signaling, at the onset of the MBT requires preMBT
transcription and activity of xnr5 and xnr6. Furthermore, preMBT activation of the Nodal pathway
is essential for mesendodermal gene expression and patterning of the embryo. Finally, xnr5 and
xnr6 can also activate their own expression during cleavage stages, indicating that preMBT
transcription contributes to a feed-forward system that allows robust activation of Nodal signaling
at the MBT.

Keywords
midblastula transition (MBT); Nodal; VegT; mesoderm; Smad; zygotic gene activation (ZGA)

INTRODUCTION
Following fertilization, early development is primarily under the control of maternal factors
until the onset of zygotic gene expression. The timing of the maternal to zygotic transition,
which involves degradation of maternal mRNAs and regulated activation of zygotic genes,
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varies in different organisms (Andeol, 1994; Davidson, 1986; Tadros and Lipshitz, 2009). In
Drosophila, Xenopus, and zebrafish, most zygotic genes are silent until large-scale zygotic
gene activation (ZGA) begins at the midblastula transition (MBT), 10–14 cleavage divisions
after fertilization (Andeol, 1994; Bachvarova et al., 1966; Davidson, 1986; Edgar and
Schubiger, 1986; Newport and Kirschner, 1982b; Tadros and Lipshitz, 2009). In contrast,
ZGA begins in mouse embryos at the first cell division, but up to 20 hours after fertilization
(Clegg and Pikó, 1982; Davidson, 1986).

Although the mechanisms that maintain transcriptional silence before the MBT are not well
characterized, early Xenopus and Drosophila embryos contain the components needed for
RNA polymerase-II-dependent transcription (Veenstra, 2002), suggesting that zygotic genes
are repressed in the preMBT embryo, for example by a factor(s) that is titrated out as the
nuclear to cytoplasmic ratio increases with successive nuclear divisions (Dunican et al.,
2008; Kimelman et al., 1987; Newport and Kirschner, 1982a, b; Pritchard and Schubiger,
1996). Analysis of chromatin structure in Xenopus tropicalis and zebrafish also reveals that
histone H3K4 trimethylation (H3K4Me3), typically a mark of active chromatin, is not
detected at protein coding genes until the MBT (Akkers et al., 2009; Vastenhouw et al.,
2010), although genes required for induction of the dorsal (Spemann) organizer in Xenopus
acquire H3K4Me3 well before their transcription at the MBT (Blythe et al., 2010).

Despite the global transcriptional quiescence of the zygotic genome during cleavage stages,
transcription of a small number of protein coding genes before large scale ZGA has been
uncovered in many organisms including fly, frog, zebrafish, and mouse (reviewed in
(Andeol, 1994; Tadros and Lipshitz, 2009)). In Drosophila, new transcription is detected as
early as mitotic cleavage 8 (De Renzis et al., 2007; Edgar and Schubiger, 1986; Porcher et
al., 2010; ten Bosch et al., 2006; Tracey et al., 2000). In Xenopus, the Nodal-related genes
xnr5 and xnr6 are transcribed up to 6 cell divisions before the MBT (Blythe et al., 2010;
Rosa et al., 2009; Takahashi et al., 2006; Yang et al., 2002), and additional high molecular
weight polyadenylated RNAs are also transcribed before the MBT (Kimelman et al., 1987;
Nakakura et al., 1987; Yang et al., 2002). Similarly, in zebrafish, the dorsal Wnt target gene
bozozok is expressed before the MBT (Leung et al., 2003) and several other newly
transcribed mRNAs are detected by in situ hybridization prior to the MBT (Mathavan et al.,
2005).

The presence of preMBT transcription in diverse organisms suggests that this early
transcription may be specifically regulated and serve a developmental function. In
Drosophila, the promoters for most preMBT genes contain a heptad repeat that regulates
preMBT transcription (De Renzis et al., 2007; ten Bosch et al., 2006). Increasing the number
of heptad repeats accelerates expression and removing the heptad repeats delays expression
(ten Bosch et al., 2006). This cis-acting element binds the Bicoid Stability Factor (BSF), the
zinc finger protein Zelda, and Grainyhead (De Renzis et al., 2007; Harrison et al., 2010;
Liang et al., 2008). Furthermore, maternal loss of Zelda globally interferes with preMBT
transcription and results in defects in cellularization soon after the MBT (Liang et al., 2008).
These observations indicate that a site-specific, activating factor is required (in Drosophila)
for preMBT transcription in an otherwise repressive context. Although a similar regulator
has not been identified in Xenopus or other vertebrates, we report here that VegT, a maternal
T-box transcription factor required for the induction of mesoderm and endoderm, regulates
the preMBT expression of multiple genes in Xenopus.

The phenotype observed with mutations in Zelda, a global regulator of preMBT genes in
Drosophila, strongly supports that preMBT transcription is critical for development;
however, the importance of preMBT transcription for specific mRNAs has not yet been
addressed in detail. Activity of the maternal β-catenin/Tcf complex, which mediates the
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transcriptional output of the canonical Wnt pathway, is required during early cleavage stages
for specification of the dorsal-ventral axis in Xenopus. However, β-catenin/Tcf functions in
this setting to establish poised chromatin at dorsal genes that are not transcribed until the
MBT (Blythe et al., 2010). Wnt signaling also induces preMBT transcription of xnr5 and
xnr6 (Yang et al., 2002) but whether their transcription specifically during preMBT stages is
developmentally significant has been unclear (Kimelman, 2010).

Transcription of xnr5 and xnr6 after the MBT also requires the maternal T-box transcription
factor VegT; we therefore investigated the contribution of VegT to preMBT transcription.
We find that multiple VegT target genes, in addition to xnr5 and xnr6, are transcribed well
before the MBT in Xenopus. All of these genes were previously identified as components of
a gene regulatory network involved in the induction of endoderm and mesoderm (Zorn and
Wells, 2007). Maternal loss-of-function and gain-of-function data show that VegT is
necessary and sufficient for the preMBT expression of these genes. We also find that
transcription of xnr5 and xnr6 before the MBT is essential for activation of the Nodal
pathway, induction of mesendodermal genes in the late blastula/early gastrula, and later
morphogenesis. Finally, we show that Nodal signaling activates expression of xnr5 and xnr6
before the MBT, indicating that preMBT transcription of Nodal genes contributes to a feed-
forward system, ensuring that the pathway is activated by the time the embryo reaches the
midblastula transition.

MATERIALS and METHODS
Xenopus Embryo Manipulations

Embryos were obtained by in vitro fertilization, cultured, and injected as described (Sive et
al., 2000). Embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber,
1994). Embryos were maintained at 23°C and the intervals between the first 8 cell divisions
were closely monitored for each clutch of eggs. The timing of the 10th through the 12th

cleavage divisions was predicted based on the length of the earlier cell cycles
(approximately 22 minutes at 23°C) and MBT was defined as the 12th cleavage division
based on the work of Newport and Kirschner (Newport and Kirschner, 1982a). Animal cap
explants were excised and cultured as described (Sive et al., 2007). Dorsal-ventral
dissections were performed by first injecting ventral blastomeres (determined by
pigmentation) at the 4-cell stage with fluorescent dextran and then manually dissecting 256-
cell stage embryos with a hair knife under epifluoresence. SB505124 (Sigma, St. Louis,
MO, USA) was dissolved in DMSO (100mM) and for embryo treatment was added to
injection buffer (0.5X Marc’s modified ringers solution (MMR) with 3% Ficoll (Sigma, St.
Louis, MO, USA) and 50µg/ml gentamycin) to a final concentration of 200µM in glass
culture dishes. To inhibit RNA polymerase II, α-amanitin was injected at 50pg/cell into both
cells at the 2-cell stage. α-amanitin did not affect the rate of cell division or morphology at
the stages examined (effects were not evident until the gastrula stage, as reported previously
(Newport and Kirschner, 1982a; Sible et al., 1997).

mRNA Injection
Synthetic capped mRNAs were produced with the mMessage mMachine kit (Ambion,
Austin, TX, USA) using SP6 polymerase. Smad2 and VegT were amplified by PCR and
cloned into pCS2-GRZ and pCS2-MT, respectively (Figs 2, 4). The xnr5 open reading frame
was PCR-amplified from pNRRX-xnr5 (Takahashi et al., 2000) and cloned into pCS2 to
make pCS2-xnr5. pCS2-Smad2-GR, pCS2-VegT, pCS2-xnr1 (Sampath et al., 1997) and
pCS2-xnr5 were linearized with Not1 (Figs 2, 3, 4). pCS105-GFP-Smad2 and pCS105-GR-
tSmad2 (N-terminal truncation of Smad2 that increases activity; both constructs a kind gift
from Chenbei Chang) were linearized with AscI. Where indicated, fixable fluorescent lysine
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dextran (FLDx, 2.5 ng/cell) was co-injected with mRNAs and anti-fluorescein
immunodetection was performed to mark injected cells in fixed embryos. For Fig. 6 mRNAs
for xnr1, xnr5 and xnr6 were synthesized as described (Jones et al., 1995; Takahashi et al.,
2000).

Morpholinos and VegT Maternal Depletion
Antisense morpholino oligonucleotides (MOs) targeting xnr5 and xnr6 (Luxardi et al., 2010)
and β-catenin (Heasman et al., 2000) were purchased from GeneTools LLC (Philomath, OR,
USA). Reduction in biological activity of xnr5 and xnr6 upon MO injection and rescue using
recombinant Nodal protein were described previously (Luxardi et al., 2010). Maternal
depletion of VegT was carried out as described (Zhang et al., 1998). Briefly, full-grown
oocytes were manually defolliculated and cultured in oocyte culture medium. Oocytes were
vegetally injected with 5 ng of oligo (C*A*G*CAGCATGTACTT*G*G*C). Oocytes were
cultured for 24 hours at 18°C, stimulated with 2 µM progesterone overnight, stained with
dyes, and transferred into foster mothers. Two hours after the egg transfer, the host was
placed in 1XMMR. After 4 hours, all eggs were collected and fertilized using a sperm
suspension. Colored experimental embryos were sorted out and cultured in 0.2XMMR.
Depletion of maternal VegT in embryos was confirmed by RT-PCR (data not shown), as
described previously (Heasman et al., 2001; Kofron et al., 1999; Kofron et al., 2004; Zhang
et al., 1998).

RT-PCR and qRT-PCR
Reverse transcription-polymerase chain reaction (RT-PCR) was performed on staged
embryos as described (Blythe et al., 2010), except that non-radioactive nucleotides were
used and PCR products were separated via gel electrophoresis on a 2.5% agarose gel and
visualized with ethidium bromide. cDNA was synthesized using random primers (Yang et
al., 2002).

Quantitative RT-PCR (qRT-PCR) was performed as described (Blythe et al., 2009). For
each experiment, individual samples were analyzed in triplicate. Unless otherwise noted,
data were analyzed by first normalizing to ODC loading control, and then calculating fold
change compared to the indicated control condition using the ΔΔC(t) method (reviewed in
(Taneyhill and Adams, 2008)). Embryonic cDNA was synthesized as described above, using
random primers. To measure the number of transcripts per embryo, a standard curve of
cDNA for each marker was analyzed in parallel with cDNA derived from embryos at
different stages. For each primer set, a serial dilution of the plasmids encoding each target
gene (104, 103, 102, and 101 copies) was subjected to qPCR in parallel with qRT-PCR for
each sample. For the standard curve, C(t) was plotted as a function of copy number, and
linear regression was used to determine copy number for a given sample based on the results
of the standard curve. The plasmids used in the standard curve were as follows: pBSK-Bix4
(IMAGE clone from Open BioSystems, GenBank: BG022838.1); pCS2-derriere (Sun et al.,
1999); pCS2-xnr5 (described above); pBSK-xnr6 (Takahashi et al., 2000); pCS2-chordin
(Sasai et al., 1994) pBSK-edd (Sasai et al., 1996).

Immunoprecipitation and Western Blot
For immunoprecipitation, 100–200 embryos per group were lysed and immunoprecipitated
with 25 µL polyclonal anti-Smad2 antibody (#sc-6200, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or 25 µL polyclonal anti-Wnt1 antibody (negative control; #sc-6280, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) as described (Blythe et al., 2010). Western blots
were performed by transferring proteins separated by SDS-PAGE to nitrocellulose, blocking
membranes at room temperature for 1 hour in 5% non-fat milk in TBS-T (tris buffered saline
with 0.1% tween-20) and immunoblotted with anti-P-Smad2/3 (1:500; #3101, Cell
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Signaling, Danvers, MA, USA), or anti-Smad2/3 (1:2000; #07–408, Upstate, Billerica, MA,
USA) overnight at 4°C in blocking solution. HRP-linked secondary antibody and ECL Plus
(GE Healthcare, Bucks, UK) were used to visualize bands. Image J software was used to
quantify bands.

In situ hybridization and Antibody Staining
Whole-mount in situ hybridisation (WISH) with digoxygenin labelled probes (Roche,
Indianapolis, IN, USA) was carried out as described (Marchal et al., 2009) using the
following probes: sox17α (Hudson et al., 1997), Xbra (Smith et al., 1991), goosecoid (Yasuo
and Lemaire, 2001), mixer (Henry and Melton, 1998), xnr1 (Jones et al., 1995), xnr5 and
xnr6 (Takahashi et al., 2000). To reveal the GFP-Smad2 fusion, we used a rabbit anti-GFP
antibody (1:400; Torrey Pines Biolabs, East Orange, NJ, USA,) together with a secondary
antibody coupled to Alexa 488 (Molecular Probes, Carlsbad, CA, USA). DAPI (1 µg/ml)
was used to stain nuclei.

RESULTS
VegT target genes are transcribed before the midblastula transition

During Xenopus development, the Nodal-related genes xnr5 and xnr6 are expressed before
the midblastula transition (MBT) (Blythe et al., 2010; Luxardi et al., 2010; Rosa et al., 2009;
Takahashi et al., 2006; Yang et al., 2002). Although the β-catenin-TCF transcription
complex, a key modulator of Wnt-dependent transcription, is necessary for this preMBT
gene expression (Blythe et al., 2010; Yang et al., 2002), other Wnt target genes, such as
siamois, twin, myf5, and engrailed, are not expressed before MBT, suggesting that activity
of the β-catenin-TCF complex is not sufficient to drive preMBT transcription. The maternal
transcription factor VegT is also required for expression of xnr5 and xnr6; although this has
so far only been determined for xnr5 and xnr6 expression after the MBT (Rex et al., 2002;
Takahashi et al., 2000; Xanthos et al., 2002), we considered the possibility that VegT could
be the maternal factor that determines preMBT expression of these two genes. As VegT
directly regulates other mesendodermal genes and can be detected in the nucleus by the 16-
cell stage (Stennard et al., 1999), we examined whether other VegT targets are transcribed
prior to the MBT in a manner similar to xnr5 and xnr6. We isolated mRNA from multiple
pre and post MBT stages and assessed gene expression using RT-PCR. (MBT was defined
as the 12th embryonic division/4096-cell stage, as described previously (Newport and
Kirschner, 1982a) and was determined experimentally for each clutch of eggs as described
in Methods. The VegT targets derrière, bix4, mixer, and sox17α are newly transcribed
before the MBT, with the first new transcripts appearing between the 256 and 1000-cell
stages (Fig. 1A). In contrast, the direct VegT target genes chordin and endodermin are
readily detectable after the 4000-cell stage (MBT).

We also measured the number of mRNA transcripts per embryo for several of these preMBT
genes using quantitative reverse transcription-coupled PCR (qRT-PCR) to compare mRNA
isolated from staged embryos to a standard curve for each gene (Fig. 1B). We found a
baseline of approximately 102 transcripts per embryo at the 4-cell stage for most of the
mRNAs, although xnr6 was considerably lower. The number of transcripts for the preMBT
genes xnr5, xnr6, derrière, and bix4 increased from 3 to 70-fold from the 4-cell to the 256-
cell stage and another 5 to 20-fold from the 256-cell to 1000-cell stage (Fig. 1B). In contrast,
chordin and endodermin remained at baseline throughout preMBT stages, with chordin
rising sharply at the 4000-cell stage (MBT) and endodermin increasing after the MBT. The
number of transcripts/embryo for mixer and sox17α also increased 2 to 5-fold between the
256-cell and 1000-cell stage, although sox17α transcript levels were initially relatively high,
even at the 4-cell stage, suggesting a low level maternal contribution to sox17α expression
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(Howard et al., 2007)(data not shown). To demonstrate that the appearance of these
transcripts depends on new transcription, we measured mRNA levels from preMBT
embryos with or without α-amanitin, an RNA polymerase II (pol II) inhibitor (Fig. 1C); we
found that all preMBT transcripts were greatly reduced in the presence of α-amanitin,
although some sox17α remained, presumably representing maternal mRNA. In summary,
these data show a rapid, pol II-dependent increase in the number of mRNA transcripts for
preMBT genes detectable as early as the 256-cell stage and clearly distinct from typical
zygotic genes that are not transcribed until the MBT.

Before the MBT, xnr5 and xnr6 are expressed predominantly in dorsal-vegetal blastomeres
(Takahashi et al., 2006; Yang et al., 2002). To test whether dorsal expression is a common
feature of other preMBT genes, we dissected 1000-cell embryos into dorsal and ventral
halves, isolated RNA, and performed qRT-PCR. Similar to xnr5 and xnr6 expression, bix4
and derrière are preferentially expressed in the dorsal half of the preMBT embryo, whereas
new sox17α and mixer transcripts are equally distributed (Fig. 1D). Thus, preMBT
transcription is not restricted to dorsal-vegetal cells, consistent with the widespread
distribution of maternal VegT protein in the vegetal hemisphere (Horb and Thomsen, 1997).

VegT is required for preMBT gene expression
To determine whether maternal VegT is necessary for preMBT gene expression, we
depleted VegT mRNA from oocytes using antisense phosphorothioate oligos and generated
VegT-deficient embryos using the host-transfer method (Heasman et al., 2000). Control and
VegT-depleted embryos were harvested at the 1000-cell stage (2 cell cycles before the MBT)
for qRT-PCR. Expression of bix4, derrière, xnr5, and xnr6 was reduced by 54% – 86% in
VegT–depleted embryos (Fig. 2A), demonstrating that maternal VegT is required for the
preMBT expression of these genes. sox17α also requires VegT, but was reduced by only
46% in VegT-depleted embryos, reflecting the maternal contribution of sox17α seen in Fig.
1. To test whether VegT is sufficient to induce preMBT gene expression, we expressed VegT
in animal pole cells, which normally do not express this vegetally localized RNA.
Ectodermal explants were excised at the 1000-cell stage and RNA was isolated for qRT-
PCR. As shown in Fig. 2B, VegT induces preMBT transcription of the established VegT
target genes bix4, derrière, mixer, sox17α, xnr5, and xnr6 in animal cap explants in a dose-
dependent manner. Interestingly, VegT did not induce precocious expression of chordin or
endodermin, VegT targets that are normally not expressed until after the MBT (Fig. 2B).

Although expression of xnr5 and xnr6 requires maternal β-catenin as well as VegT, the other
preMBT VegT target genes identified here are not dependent on β-catenin. Thus, when β-
catenin was depleted with an antisense morpholino oligonucleotide (Heasman et al., 2000),
preMBT expression of these VegT target genes was not affected, whereas expression of
xnr5 and xnr6 was reduced by 85% and 93%, respectively (Fig. 2C). Together, these data
show that VegT is required for preMBT transcription of multiple target genes.

PreMBT expression of xnr5 and xnr6 activates Nodal signaling
Expression of xnr5 and xnr6 in the embryo prior to large-scale ZGA suggests that these
Nodal ligands could play an early role in mesendoderm induction. One of the hallmarks of
activated Nodal signaling is the presence of phosphorylated Smad2 (Shen, 2007). In
previous reports, Smad2 phosphorylation was first detected by immunoblotting in late
blastulae (stage 9 to 9.5) (Faure et al., 2000; Lee et al., 2001) and by immunofluoresence at
stage 8 (1000-cell stage) (Schohl and Fagotto, 2002). As xnr5 and xnr6 are present prior to
the MBT and the Nodal pathway can be activated by ectopic expression of activin prior to
the MBT (Lee et al., 2001), we tested whether xnr5 could induce Smad2 phosphorylation
prior to the MBT. We injected xnr5 mRNA into embryos and performed Western blot
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analysis on embryos collected at various time points using an antibody specific for Smad2
phosphorylated at C-terminal serines (P-Smad2). Indeed, expression of exogenous xnr5
mRNA induced P-Smad2 as early as the 128-cell stage (stage 7); in contrast, an equivalent
amount of xnr1 mRNA did not induce P-Smad2 until after the MBT (Fig. 3A). Thus the
Nodal pathway can function well before MBT and is sensitive to relatively low
concentrations of xnr5 mRNA.

As xnr5 and xnr6 are expressed before the MBT, we hypothesized that the endogenous
Nodal pathway may also be activated by these ligands before the MBT. To enhance
detection of phosphorylated Smad2, we immunoprecipitated Smad2 from Xenopus embryos
at different stages of development and then detected P-Smad2 by Western blot. Using this
approach, we observed a weak P-Smad2 signal as early as the 1000-cell stage and a stronger
signal at the 2000-cell stage (Fig. 3B), indicating that Nodal signaling is initiated at least by
the 1000 to 2000-cell stage, consistent with Schohl and Fagotto, who detected P-Smad2 by
immunofluoresence at stage 8 (1000-cell stage) (Schohl and Fagotto, 2002). Furthermore,
injection of early embryos with the pol-II inhibitor α-amanitin blocked endogenous
phosphorylation of Smad2 at the MBT (Fig. 3C), indicating that activation of Nodal
signaling requires preMBT transcription. Smad2 phosphorylation can be restored in the
presence of α-amanitin by injection of xnr5 mRNA, demonstrating that, aside from the
ligand, other essential components of the pathway do not require new transcription before
the MBT (Fig. 3C).

The finding that Nodal signaling requires new transcription before the MBT led us to ask if
xnr5 and xnr6 are required for this early signaling activity. Targeting xnr5 and xnr6 with
antisense morpholino oligonucleotides (previously characterized in (Luxardi et al., 2010))
reduced Smad2 phosphorylation at the MBT by 52% to 74% compared to control MO
levels, showing that preMBT expression of xnr5 and xnr6 is required for early activation of
Nodal signaling (Fig. 3D). Furthermore, as preMBT xnr5 and xnr6 expression is restricted to
dorsal blastomeres, we tested whether P-Smad2 is asymmetrically distributed in early
embryos. Embryos were dissected into dorsal and ventral halves, as in Fig. 1D, and P-
Smad2 was detected by Western blot. Consistent with the early dorsal distribution of xnr5
and xnr6, the phosphorylation of Smad2 at the MBT is dorsally enriched (Fig. 3E); this
observation is also consistent with the immunofluoresence data reported by Schohl and
Fagotto (Schohl and Fagotto, 2002), as well as immunostaining and Western blot data in
stage 9 embryos reported by others (Faure et al., 2000; Lee et al., 2001). These observations
strongly support that Nodal signaling is activated before the MBT and depends on preMBT
transcription of Nodal ligands.

Inhibition of Nodal signaling before MBT disrupts mesendoderm induction
Although morpholino oligonucleotides (MOs) offer a powerful approach to knock down
gene expression, injection of MOs is only feasible through early cleavage stages. To test the
requirement for Nodal signaling at multiple stages from early cleavage through late blastula,
we used the small molecule inhibitors SB505124 (SB5) and SB431542 (SB4), which inhibit
Nodal signaling by selectively inhibiting the kinase activity of activin receptor-like kinases
ALK4, 5, and 7 (DaCosta Byfield et al., 2004; Watabe et al., 2003). These drugs reduce
phosphorylation of Smad2 in Xenopus embryos (Luxardi et al., 2010) (Fig. 4A), without
affecting Smad1/5/8 (DaCosta Byfield et al., 2004; Inman et al., 2002) (data not shown).
When SB5 was applied at the 4-cell stage, embryos failed to gastrulate and by tailbud stage
the larvae were severely deformed, lacking axial structures (Fig. 4B) and showing a severe
reduction in all mesendodermal markers analyzed (Fig. 4C). Similar morphological defects
were observed with SB4 (data not shown). However, in contrast to the marked effects
observed when the drug was applied at the 4-cell stage, the severity of the morphological
defects declined as the inhibitor was applied at later time points. Although embryos treated
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at the MBT showed delayed gastrulation and a failure of the blastopore to close completely,
consistent with a previous report (Luxardi et al., 2010), the tadpoles nevertheless developed
elongated anterior-posterior axes, clear dorsal-ventral polarity, and anterior structures
including eyes, brain vesicles, cement gland, dorsal fin, and tail, structures that were not
observed when embryos were treated at the 4-cell stage (Fig. 4B). Additionally, the
expression of mesendodermal markers was most sensitive to inhibitor added at the 4-cell
stage and this effect on mesendodermal gene expression progressively declined as the
inhibitor was added at later stages, as analyzed by in situ hybridization and by qRT-PCR
(Fig. 4C) on embryos harvested at the onset of gastrulation (stage 10). In contrast,
expression of foxI1e, an ectoderm marker that is repressed by Nodal signaling, increased in
the presence of the SB5 (see also (Luxardi et al., 2010)), and this increase was similarly
more sensitive to the Nodal inhibitor during preMBT stages (Fig. 4C, D). To define further
the window of sensitivity to SB5, embryos were placed in medium containing SB5 at the 4-
cell stage and then washed and transferred to medium lacking SB5 at the stages indicated in
Fig. 4D. Embryos were cultured until the onset of gastrulation and mesendodemal marker
expression was analyzed by in situ hybridization and qRT-PCR (Fig. 4D). These data show
minimal effect on mesendodermal gene expression when inhibitor is removed during early
cleavage stages (32-cell stage) but marked reduction when embryos are removed from SB5
at the preMBT blastula stage (1000-cell).

Important concerns with these experiments are that the SB5 compound may enter cells
slowly, requiring prolonged incubation for effective inhibition of Nodal signaling, or that the
access of the inhibitor may differ at different developmental stages. To test the “lag time"
between addition of SB5 and inhibition of Smad2 phosphorylation, we added SB5 to
embryos at the 128-cell (cleavage stage) or the 1000-cell (preMBT blastula) stage and then
assessed Smad2/3 phosphorylation at multiple time points after addition of drug (Fig. 5). For
the 128-cell group, we expressed xnr5 to enhance detection of Smad2 phosphorylation.
When SB5 was added at the 128-cell stage, there was no further increase in Smad2
phosphorylation at the 512-cell or later stages (Fig. 5A). To assess the efficacy of SB5 added
in the blastula stage, we examined Smad2 phosphorylation induced by endogenous Nodal
signaling, using immunoprecipitation followed by immunoblot, as in Fig. 3B–E. SB5 added
to 1000-cell blastulae markedly reduced further Smad2 phosphorylation in post-MBT
embryos (Fig. 5B), although a small increase in endogenous phosphorylation was still
detectable. These data demonstrate that SB5 readily enters embryonic cells and can inhibit
Nodal signaling when added at cleavage or blastula stages.

These data suggest that Nodal signaling before the MBT plays an important role in
mesendodermal development. To test this further, we used a hormone-inducible, activated
form of Smad2 fused to the glucocorticoid receptor ligand-binding domain (GR-tSmad2) to
rescue the mesendodermal gene expression in the presence of the Nodal inhibitor. Embryos
injected with GR-tSmad2 mRNA were treated with SB5 from the 4-cell stage. GR-tSmad2
was then activated by addition of dexamethasone (dex) either before (stage 7) or after the
MBT (stage 9). (We have shown previously that dex rapidly enters the embryo, as the lag
between dex addition and translation of a detectable amount of protein is 90 minutes in
Xenopus embryos (Yang et al., 2002)). Mesendodermal gene expression was then measured
at stage 10 by in situ hybridization (Fig. 6A) and qRT-PCR (Fig. 6B). SB5 treatment alone
markedly reduced mesendodermal gene expression, as in Fig. 4. Activation of GR-tSmad2
by addition of dex before the MBT (stage 7) restored mesendodermal gene expression to
nearly 80% of untreated control embryos. Activation of Smad2 after the MBT (stage 9) was
ineffective in restoring mesendodermal gene expression. This shows that preMBT Nodal
signaling, stimulated using downstream canonical components, can contribute significantly
to the restoration of mesendodermal gene expression.
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xnr5 and xnr6 enhance their own expression through a positive-feedback mechanism in
the early embryo

Nodals are known to activate their own expression as part of a positive feedback loop
(Osada et al., 2000; Shen, 2007), and we therefore reasoned that preMBT Nodals may utilize
a similar amplification system. We first tested the effects of inhibition of Nodal signaling on
the expression of xnr5 and xnr6 mRNA. We applied SB5 to embryos at the 4-cell stage and
then assayed gene expression at later stages (as indicated in Fig. 7) by in situ hybridization
and qPCR. SB5 reduced the number of xnr5 and xnr6 positive cells at stage 8.5 detected by
in situ hybridization (Fig. 7A). (SB5 did not affect expression of the preMBT VegT target
genes bix4, mixer, sox17a, or derriere; data not shown). We note that SB5 did not
completely eliminate xnr5 and xnr6 expression, perhaps because their expression is also
dependent on VegT and b-catenin, which are not inhibited by SB5. To confirm Nodal
regulation of xnr5 and xnr6 expression, we used the dominant negative Nodal receptor DN-
ALK4 to interfere with Nodal signaling and examined gene expression at MBT (stage 8.5)
and in the gastrula (stage 10.5). When DN-ALK4 mRNA was injected along with a lineage
tracer unilaterally into 4-cell embryos, expression of xnr5 and xnr6 was reduced in the
injected half, along with the Nodal target genes xbra, goosecoid, and sox17α (Fig. 7B).
Conversely, expression of GR-tSmad2 in animal pole cells induced preMBT expression of
xnr5 and xnr6, whereas chordin (chd) was not induced until after the MBT (Fig. 7C). These
data taken together imply that Nodal signaling can stimulate expression of xnr5 and xnr6 in
the early embryo.

To test whether xnr5 and xnr6 can induce their own expression prior to the MBT, we
overexpressed either xnr5 or xnr6 mRNA in the embryo and then assayed for the other by in
situ hybridization and qPCR. Overexpression of xnr5 in animal pole cells induced ectopic
expression of xnr6 but not chd before the MBT (Fig. 8A). Similarly, xnr6 overexpression
induced xnr5 but not chd expression. In contrast, overexpression of xnr1 at a level that was
sufficient to induce chd expression did not induce xnr5 and xnr6. When expression levels
were measured with qRT-PCR before MBT (stage 8), xnr5 mRNA induced xnr6 expression
2-fold, and xnr6 induced xnr5 3.5-fold, (Fig. 8B). We then tested whether ectopic Nodal
activity involved nuclear translocation of Smad2 prior to the MBT. For this, we injected
GFP-tagged Smad2 mRNA into animal pole cells with or without xnr5 mRNA. As
anticipated, we observed consistent nuclear translocation of Smad2-GFP at preMBT stages
in response to xnr5 (Fig. 8C). We used xnr6 ectopic activation as a positive control in this
experiment; while Smad2-GFP was insufficient to induce xnr6 expression by itself, we
could detect xnr6 activation as early as the 128-cell stage in response to xnr5 (Fig. 8D).
These data suggest that a positive feedback loop in the early embryo enhances xnr5 and xnr6
expression through activation of Smad2.

DISCUSSION
Essential preMBT functions for zygotic mRNAs

Nodal signaling is required in vertebrates for the establishment and patterning of mesoderm
and endoderm. In this work, we find that the maternal T-box transcription factor VegT is
required for the preMBT transcription of a group of genes involved in mesendoderm
development, including the Nodal genes xnr5 and xnr6; we also show that Nodal signaling
in Xenopus embryos is initiated before the MBT and that preMBT transcription of xnr5 and
xnr6 is essential for this activity. Furthermore, we show that xnr5 and xnr6 are themselves
targets of Nodal signaling and can enhance their own expression, providing robust activation
of postMBT Nodal signaling and mesendoderm induction. These findings establish a critical
function for zygotic transcription before the MBT in Xenopus embryos.
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How preMBT genes bypass early repression is not clear. In Drosophila, most preMBT genes
contain a cis-regulatory heptad repeat that binds BSF, Grainyhead, and the zinc finger
transcription factor Zelda, which is essential for their preMBT expression (De Renzis et al.,
2007; Harrison et al., 2010; Liang et al., 2008). A similar zinc finger protein has not been
identified in Xenopus, but the preMBT genes so far identified are regulated by the maternal
transcription factor VegT. The presence of maternal transcription factors such as Zelda,
Grainyhead and VegT that are required to activate multiple preMBT genes suggests more
generally that preMBT gene expression represents a regulated and biologically significant
phenomenon. However, whether the early transcription of specific preMBT genes is critical
for development has not previously been addressed. Thus, in this work we targeted specific
preMBT Nodal transcripts, restored Smad2 signaling conditionally at different
developmental stages, and found that Nodal expression and signaling before the MBT is
essential for mesendoderm development.

PreMBT transcription is required for early Nodal/Smad2 signaling
In previous work, Smad2 phosphorylation and nuclear localization were first detected in
stage 9 blastulae (Faure et al., 2000; Lee et al., 2001; Saka et al., 2007), whereas others
detected P-Smad2 by stage 8/1000-cell stage (Schohl and Fagotto, 2002). Similar to Faure et
al and Lee et al, we show that activation of Nodal signaling requires zygotic transcription.
Furthermore, we show that xnr5 and xnr6 transcribed before the MBT are required for early
activation of this pathway, as they are for phosphorylation of Smad2 in the gastrula stage
(Luxardi et al., 2010). Detection of phosphorylated Smad2 in the embryo is limited by the
sensitivity of the antibody and the detection method; by using a different antibody and
immunoprecipitating Smad2, we have enhanced the sensitivity to detect Smad2
phosphorylation as early as the 1000-cell stage, and it is likely that Smad2 is phosphorylated
earlier. Schohl and Fagotto speculated that early P-Smad2 is activated by a maternal TGF-β/
Nodal signal (Schohl and Fagotto, 2002), but their findings are also consistent with the
zygotic expression and activity of xnr5 and xnr6 before the MBT reported here, in addition
to a contribution from Vg1 (Birsoy et al., 2006), a maternal TGF-β-related ligand (Weeks
and Melton, 1987).

Significance of preMBT transcription for germ layer specification
The importance of preMBT transcription mediated by VegT may reflect the fact that VegT
activates a gene regulatory network that is required for establishment of the primary germ
layers, one of the earliest cell fate decisions in vertebrate embryos. While the expression of
mesoderm and endoderm markers begins, for the most part, after the MBT, earlier Nodal
signaling, along with the positive autoregulation through xnr5 and xnr6 reported here, may
be required to initiate the postMBT phase of Nodal signaling (xnr1, 2, and 4) and
mesendoderm induction. This conclusion is consistent with prior work showing that Nodal/
TGF-β signaling is required for the initiation of xnr1, 2, and 4 expression after the MBT
(Agius et al., 2000; Luxardi et al., 2010). Agius et al proposed Vg1 as a candidate molecule
for this signal, but their data are also consistent with the preMBT activity of xnr5 and xnr6
reported here.

Furthermore, Jones and Woodland reported that mesoderm-inducing signals are present by
stage 6 to 6.5, well before the MBT (Jones and Woodland, 1986). Similarly, Ding and
colleagues detected a mesoderm-inducing signal between the 16-cell and 128-cell stage
(Ding et al., 1998), and Wylie et al reported a weak ventral mesoderm inducing activity
present before the MBT, although they also reported that dorsal mesoderm inducing activity
was not detectable (in Nieuwkoop recombinants) until after the MBT (Wylie et al., 1996).
Jones and Woodland concluded that the mesoderm-inducing signal they detected was most
likely encoded by a maternal gene. However, subsequent molecular work showed that
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VegT-dependent zygotic expression of Nodal-like ligands is required for mesendodermal
induction (Agius et al., 2000; Kofron et al., 1999; Zhang et al., 1998). Our data, taken
together with evidence for the role of maternal Vg1 in mesoderm induction (Birsoy et al.,
2006), could help to reconcile these findings, as we have shown that the zygotic
transcription of xnr5 and xnr6 begins by stage 6.5 (64 cells)(Yang et al., 2002) and their
preMBT expression is required for Smad2 phosphorylation and mesendoderm induction.

Nodal autoregulation and dorsal-ventral patterning
xnrs 1, 2, 4, 5 and 6 are expressed initially at higher levels in dorsal cells, and Smad2
phosphorylation is also initially enriched in dorsal cells (Lee et al., 2001)(Fig. 3E). Several
groups have proposed that dorsal Nodal expression is required for development of the
Spemann organizer and expression of organizer specific genes (reviewed in (Whitman,
2001)). Furthermore, Agius et al proposed that VegT and a maternal Nodal-like signal such
as Vg1 may synergize with the dorsal specifying activity of the Wnt/β-catenin pathway to
generate a zygotic gradient of xnrs in blastula-stage endoderm (Agius et al., 2000).
Similarly, Lee et al proposed that the initial dorsal enrichment of Smad2 phosphorylation
arises through cooperation between VegT and β-catenin (Lee et al., 2001). Our data strongly
support these ideas, as we show that VegT and β-catenin directly activate preMBT
expression of xnr5 and xnr6 in a spatially restricted manner in the dorsal vegetal cells known
as the Nieuwkoop center and that preMBT transcription is also required for the dorsally
enriched phosphorylation of Smad2. These observations are also consistent with a two-step
model for mesoderm induction, wherein a low level of Nodal signaling initiates mesoderm
induction before the MBT, contributing to a higher level after the MBT (Kimelman and
Griffin, 1998; Takahashi et al., 2000; Yasuo and Lemaire, 1999), except that we propose
that preMBT zygotic Nodals contribute significantly to the initial mesendoderm-inducing
signal. In this framework, the level of Smad2 activation in early embryos, representing
contributions from both preMBT and postMBT signaling, would determine the extent of
mesendoderm induction.

We found that the Nodal related gene derrière, like xnr5 and xnr6, is also dorsally enriched
before the MBT (see also (Eimon and Harland, 2002)), and yet, unlike xnr5 and xnr6,
derrière does not appear to be dependent on maternal Wnt/β-catenin signaling; the
mechanisms that confer dorsal enrichment of derrière transcripts remain to be determined.

Nodal signaling is known to autoregulate in other contexts, including postMBT mesoderm
induction (reviewed in (Shen, 2007). In frog, Nodal signaling activates postMBT expression
of xnr1, 2, and 4 (Osada et al., 2000; Rex et al., 2002; Takahashi et al., 2000), but
autoregulation had not previously been shown for xnr5 or xnr6. A positive feedback loop
involving xnr5 and xnr6 is attractive, as it would contribute to reaching optimal levels of
Nodal ligands in cells undergoing mesendodermal induction at the onset of global zygotic
gene expression.

Multiple roles for preMBT transcription
PreMBT expression of Nodals and the VegT-induced transcription factors bix4, mixer, and
sox17α may serve to segregate distinct functions of Nodal signaling in the early embryo.
Previous work showed that early signaling through xnr5 and xnr6 contributes to
mesendoderm induction whereas later Nodal signaling through xnr1 and xnr2 activates
movement-effector genes involved in gastrulation (Luxardi et al., 2010). Similarly, the Wnt/
β-catenin pathway has distinct functions during the blastula stage, and these must be
separated temporally in the early embryo (Blythe et al., 2010). Dorsal specifying genes such
as siamois and twin are first expressed after the MBT; however, these genes require Wnt/β-
catenin signaling during early cleavage stages and become insensitive to the pathway by the
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MBT (Christian and Moon, 1993; Darken and Wilson, 2001). In this context, dorsal Wnt
target genes are primed for expression at the MBT by β-catenin dependent chromatin
modifications conferred on promoters during earlier stages of development (Blythe et al.,
2010; Kimelman, 2010). Thus maternal Wnt signaling marks dorsal organizer genes before
MBT for expression at the MBT. Through this mechanism, organizer genes are protected
from postMBT Wnt signaling, which is required for ventral and posterior patterning.

Taken together, these findings demonstrate at least two preMBT functions for maternal
transcription factors: Maternal Wnt/β-catenin signaling is required before the MBT to preset
organizer genes for later expression at the MBT, whereas VegT directly activates preMBT
transcription of genes required for mesendodermal induction. Both mechanisms confer
critical temporal control on pathways that set up the earliest cell fate decisions in the
embryo, dorsal-ventral specification and primary germ layer induction.

Interestingly, these two mechanisms overlap in the regulation of xnr5 and xnr6, as the initial,
early expression of these genes in the Nieuwkoop center depends on both Wnt/β-catenin and
VegT function. How VegT targets escape global transcriptional repression in the preMBT
embryo remains unclear and is a topic for future study. Whereas Wnt target genes are poised
for expression before the MBT, VegT may recruit transcription elongation factors to
complete transcription of these target genes. However, VegT by itself is clearly not
sufficient to confer preMBT transcription, as at least two direct targets of VegT are not
transcribed until after the MBT; perhaps activation by VegT in conjunction with loss of
repression by an unidentified factor is required to confer gene expression before the MBT.
Future work will investigate what distinguishes pre and postMBT VegT targets and address
whether additional maternal transcription factors regulate preMBT gene expression.

Research highlights

• Zygotic gene expression before MBT is required for development in Xenopus
laevis

• Multiple genes required for mesendoderm induction are activated by VegT
before MBT

• Zygotic gene expression before MBT is required for early Nodal signaling

• preMBT Nodal activation is essential for mesendoderm induction
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Fig. 1. Mesendodermal genes transcribed before the MBT
(A) RT-PCR was performed on embryos collected at the indicated stages. (B) Quantitative
RT-PCR was performed on staged embryos and the number of transcripts/embryo was
determined as described in Materials and Methods. Log10[transcripts/embryo] was plotted
for each gene. (C) α-amanitin (100pg/embryo) was injected into both cells at the 2-cell
stage. Injected and non-injected controls were harvested at the 1000-cell stage (preMBT) for
qRT-PCR analysis. The results were normalized to expression in the absence of α-amanitin
(ni) for each gene. (D) Two ventral cells at the 4-cell stage were injected with rhodamine
dextran as a lineage tracer, dissected into dorsal and ventral halves at the 256-cell stage, then
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harvested at the 1000-cell stage for qRT-PCR. MBT = 4000c; ni, not injected. Error bars
represent standard error of the mean for 2 or more experiments.
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Fig. 2. VegT is required for preMBT transcription
(A) VegT mRNA was depleted in oocytes with 5ng antisense phosphorthiotate oligos and
embryos were recovered using the host-transfer method. Control and VegT depleted
embryos were collected at the 1000-cell stage for qRT-PCR. Error bars represent the mean
of triplicate measurements in qRT-PCR. (B) VegT mRNA was injected into the animal pole
at the 1-cell stage. Animal caps were excised at the 256-cell stage, cultured, and harvested
for qRT-PCR at the 1000-cell stage. (C) Antisense morpholino oligonucleotide (MO)
targeting β-catenin (40ng/embryo) was injected laterally into two cells at the 2-cell stage.
Embryos were harvested for qRT-PCR at the 1000-cell stage. ni, not injected. Error bars

Skirkanich et al. Page 19

Dev Biol. Author manuscript; available in PMC 2012 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



represent standard error of the mean for 2 or more experiments. Gene expression was
normalized to ODC for each sample.
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Fig. 3. preMBT Nodal expression activates Smad2/3
(A) xnr5 mRNA (5pg) or xnr1 mRNA (5pg) was injected vegetally into 1-cell embryos.
Embryos were collected at the indicated stages and lysates were analyzed by Western blot
for P-Smad2 and Smad2/3. “ni” indicates non-injected controls. Arrowheads indicate P-
Smad2 (upper) and P-Smad3 (lower). (B) Non-injected embryos were collected at the
indicated stages and subjected to immunoprecipitation with an antibody for Smad2 or for
Wnt1 as a negative control (control), then immunoblotted with antibodies for P-Smad2 or
Smad2/3. (C) 1-cell embryos were injected laterally with 100pg of the pol-II inhibitor α-
amanitin alone or together with 5pg xnr5 mRNA, then collected for IP and immunoblot at
the 4000-cell stage (MBT) as in B. (D) xnr5 and xnr6 translation was inhibited by injection
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in all cells of 4-cell embryos of antisense morpholino oligonucleotides (MO) directed
against both xnr5 and xnr6. Xnr5/6MO “a” indicates xnr5 MOa + xnr6 MOa (15 ng each);
“b” indicates xnr5 MOb + xnr6 MOb (15 ng each); ni: non-injected; CMO: control MO
(30ng). Embryos were collected at the 4000-cell stage for IP and immunoblot as in B. (E)
Embryos were injected ventrally at the 4-cell stage with rhodamine dextran, dissected into
dorsal and ventral halves at the 256-cell stage, cultured, then harvested at the 4000-cell stage
for IP and Western analysis as in B. we, whole embryo. Band intensity was determined by
quantifying pixel density from a scanned film using Image J; the level of P-Smad2 was then
normalized to total Smad2 and plotted.
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Fig. 4. preMBT Nodal signaling is required for mesendoderm induction
(A) Embryos were treated with control medium (nt) or SB5 (200µM) from the 4-cell stage
to stage 10 and harvested for Western blot for P-Smad2/3 or Smad2/3. (B) Embryos were
treated with SB5 from the indicated stages until the onset of gastrulation and cultured until
stage 40. Frequency of phenotype is indicated in the lower right corner. (C) Embryos were
treated with SB5 beginning at the indicated stages, cultured until stage 10, and analyzed by
in situ hybridization (ISH) for mesendodermal gene expression (left). “Control” indicates
DMSO (vehicle) only. Embryos were also harvested at early gastrula stage (stage 10) for
qRT-PCR for the indicated mesendodermal markers and for the ectodermal marker foxi1e
(right panel). All samples were normalized to expression levels in untreated embryos at
stage 10 (control). “Control” indicates DMSO; “SB5” indicates treatment from 4-cell until
gastrula (stage 10). (D) SB5 was added at the 4-cell stage; embryos were washed at the
indicated stages, transferred to control medium, and analyzed by ISH for mesendodermal
gene expression at stage 10, as in (C). Histogram on right shows qRT-PCR for
mesendodermal and ectodermal markers, as in (C). Note that the “control” and “SB5” (4-cell
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until stage 10) qRT-PCR data in panel D are identical to those shown in panel C, as qRT-
PCR for both groups was performed at the same time.
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Fig. 5. Rapid inhibition of Nodal signaling by SB5
(A) xnr5 mRNA (20 pg) was injected at the 2-cell stage. SB5 (200uM) or vehicle (0.2%
DMSO) was added at the 128 cell-stage and embryos were collected for immunoblot at the
indicated stages. The left panels are immunoblots with an antibody specific for phospho-
Smad2/3 and the right panels show total Smad2/3 as a loading control. Double arrowheads
indicate the Smad2 and Smad3 bands. (B) SB5 or vehicle was added to uninjected embryos
at the 1000-cell stage and embryos were collected at the indicated times for detection of
phospho-Smad2 by immunoprecipitation with anti-Smad2 antibodies followed by
immunoblot with either the phospho-Smad2 specific antibody (left panel) or an antibody for
total Smad2/3 (right panel). +20, +40, +60 and +80 indicate minutes after the MBT.
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Fig. 6. Smad2 rescues mesendodermal gene expression when activated before but not after the
MBT
Embryos were injected with a hormone inducible, activated form of Smad2 (GR-tSmad2) at
the 2-cell stage (along with FLDx as a lineage tracer) and then treated with SB5 beginning at
the 4-cell stage. GR-tSmad2 was activated by addition of dexamethasone (dex) before the
MBT (stage 7) or after the MBT (stage 9) and embryos were cultured until the onset of
gastrulation and then collected for analysis of mesendodermal gene expression by ISH (A)
or qRT-PCR (B), as described in Fig. 4. (In panel A, the insets show FLDx immunostaining
to reveal the progeny of injected blastoemeres and the numbers in the upper left indicate the
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frequency of the displayed phenotype/expression pattern). Error bars represent standard
deviation for a representative experiment.
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Fig. 7. Nodal signaling contributes to xnr5/6 expression
(A) SB5 (200 µM) was added at the 4-cell stage and embryos were fixed for ISH at MBT
(stage 8.5). Whole-embryos were photographed in vegetal views, dorsal to the top (vegetal
view). Embryos bisected along the dorsal/ventral axis prior to ISH are shown with dorsal
side to the right (lateral view). The frequency of the expression pattern for each group is
indicated in the lower right corner. DMSO was used as a control. (B) To inhibit Nodal
signaling, the dominant-negative Nodal receptor (DN-ALK4) was injected (1 ng), along
with fluorescent dextran (insets, rust-colored staining), into the 2 right-hand blastomeres of
4-cell embryos. Embryos were fixed at the indicated times and analyzed by ISH. Fluorescent
dextran injection alone is shown as control. The number of cells expressing xnr5 or xnr6 in
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injected clones was counted and significance was determined using the Kruskal-Wallis test.
(C) 8-cell embryos were injected in one animal cell with GR-tSmad2 (400 pg) and
fluorescent dextran. GR-tSmad2 was activated by addition of dex for a two-hour window
beginning at the indicated stages. Embryos were fixed at the end of the window and
analyzed by ISH.

Skirkanich et al. Page 29

Dev Biol. Author manuscript; available in PMC 2012 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8. xnr5 and xnr6 can activate Smad2 and regulate their own expression before the MBT
(A) 8-cell embryos were injected in one animal cell with fluorescent dextran alone (control)
or with xnr1 (50 pg), xnr5 (20pg), or xnr6 (20 pg) mRNAs. Whole mount ISH for xnr5,
xnr6, and chd was performed on embryos fixed at the indicated stages. (B) Embryos from A
were analyzed by qRT-PCR at stage 8 (preMBT). (C) 8-cell embryos were injected in one
animal cell with GFP-Smad2 (200pg) alone or with xnr5 mRNA (50pg). Embryos were
fixed at the 512-cell stage, processed for anti-GFP immunostaining, and sectioned for
fluorescence imaging. DAPI was used to reveal nuclei. The graph shows the percent of
DAPI positive nuclei that also contain GFP-Smad2. (D) Embryos injected as in C were fixed
at various stages as indicated and stained for xnr6 expression. ui, uninjected.
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