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Summary:

BMP signaling distinguishes between neural and non-neural fates by activating epidermis-specific
transcription and repressing neural-specific transcription. The neural ectoderm forms after the
Organizer secrets antagonists that prevent these BMP-mediated activities. However, it is not
known whether neural genes also are transcriptionally activated. Therefore, we tested the ability of
nine Organizer transcription factors to ectopically induce the expression of four neural ectodermal
genes in epidermal precursors. We found evidence for two pathways: Foxd4 and Sox11 were

only induced by Sia and Twn, whereas Gmnnand Zic2were induced by Sia, Twn, as well as
seven other Organizer transcription factors. The induction of Foxd4, Gmnnand Zic2 by Sia/Twn
was both non-cell autonomous (requiring an intermediate protein) and cell autonomous (direct),
whereas the induction of Sox11 required Foxd4 activity. Because direct induction by Sia/Twn
could occur endogenously in the dorsal-equatorial blastula cells that give rise to both the Organizer
mesoderm and the neural ectoderm, we knocked down Sia/Twn in those cells. This prevented the
blastula expression of Foxd4and Sox11, demonstrating that Sia/Twn directly activate some neural
genes before the separation of the Organizer mesoderm and neural ectoderm lineages.
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INTRODUCTION

Establishment of the vertebrate neural ectoderm requires anti-BMP factors that are secreted
by the Organizer mesoderm (reviewed in De Robertis and Kuroda, 2004; De Robertis,
2006; Itoh and Sokol, 2014; Khokha et al., 2005; Levine and Brivanlou, 2007; Wills et al.,
2010). Repression of the BMP pathway enables the neural ectoderm to express numerous
transcription factors that cooperatively solidify its neural fate (reviewed in Lee et al., 2014;
Moody et al., 2013; Rogers et al., 2009; Sasai, 1998). The Organizer-derived diffusible
factors, however, do not act directly on the neural genes to promote their transcription, but
instead inhibit BMP receptor activation that leads to epidermis-specific transcription. For
example, Vent transcription factors are activated by BMPs, up-regulate epidermal genes and
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directly repress Organizer and neural genes (Ault et al., 1997; Hoppler and Moon, 1998;
Henningfeld et al., 2000; Imai et al., 2000; Onichtchouk et al., 1996, 1998; Ramel and
Lekven, 2004; Rogers et al., 2008; Taylor et al., 2006; Yoon et al., 2014). An important
question yet to be resolved is: are early neural genes expressed simply due to lack of binding
of repressive regulators like the Vents, or are they directly activated as well?

To address this question, we screened a large number of Organizer transcription factors for
their ability to ectopically induce neural genes in an epidermal lineage. These included:
(1) Siamois (Sia), Twin (Twn), Goosecoid (Gsc), and Foxa4 (aka Pintalavis), which are
expressed in both the dorsal-equatorial blastula cells that give rise to the Organizer and in
the Organizer mesoderm itself; as well as (2) Xanf (aka Hesx1), Lim1, Xnot, Otx2, and
XIPOUZ (aka Pou3f4), which are only expressed in the Organizer mesoderm and not its
blastula precursors (Blitz and Cho, 1995; Cho et al., 1991; Gont et al., 1996; Kuroda et
al., 2004; Laurent et al., 1997; Lemaire et al., 1995; Reversade and De Robertis, 2005;
Ruiz i Altaba and Jessell, 1992; Wessely et al., 2004; Witta and Sato, 1997; Taira et al.,
1994; Zaraisky et al., 1995). We were particularly interested in those factors expressed in
dorsal-equatorial blastula cells for several reasons. First, maternal B-Catenin translocates
into the nucleus of these cells to activate a dorsalizing program (Schneider et al., 1996).
Second, molecular interactions occurring in these cells are required to form the Organizer
mesoderm (Bae et al., 2011; Suduo et al., 2012). Third, these cells are necessary to form
the nervous system (Ishibashi et al., 2008; Kuroda et al., 2004). Fourth, these cells are the
common precursors of both the Organizer mesoderm and of the neural ectoderm (Bauer

et al., 1994; Vodicka and Gerhart, 1995). Thus, if Organizer transcription factors were to
directly interact with neural genes it would be in a cell autonomous manner in cells that give
rise to both tissues.

To test for direct activation of neural genes we focused on early-expressed neural ectodermal
(NE) genes. Epistasis experiments in Xenopus show that at least 12 NE genes interact in a
regulatory network that controls the early formation and differentiation of the neural plate
(Lee et al., 2014; Moody et al., 2013; Yan et al., 2009). A key upstream factor in this
network is Foxd4 (aka Foxd5, Foxd4l1.1, Foxd4l1), whose zygotic expression begins at
blastula stages, is down-regulated as the neural folds close, and is required for the expression
of the 11 other genes (Fetka et al., 2000; Solter et al., 1999; Sullivan et al., 2001; Yan et

al., 2009). It also directly up-regulates three of them: Geminin (Gmnn), Zic2, and Sox11
(YYan et al., 2009). Together, these four transcription factors cooperatively maintain the NE
in an immature, proliferative state, regulate its transition to neural plate stem cells, and delay
neuronal differentiation (Sullivan et al., 2001; Yan et al., 2009).

In this study, we asked whether these four NE genes could be directly activated by
Organizer transcription factors when ectopically expressed in epidermal precursors in the
intact embryo. We found evidence for two pathways by which NE genes are activated:
Foxd4 and Sox11 are ectopically induced only by Sia and Twn, whereas Gmnnand Zic2
are ectopically induced by Sia, Twn, as well as seven other Organizer transcription factors.
The ectopic inductions of SoxZ1 by Sia and Twn were non-cell autonomous, indicating
the necessity of an intermediate secreted factor. In contrast, the ectopic inductions of
Foxad4, Gmnnand Zic2were both non-cell autonomous and cell autonomous, the latter
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implicating direct transcriptional regulation. Direct transcriptional activation was confirmed
by expressing hormone-inducible Siaand 7wn constructs in the absence of protein synthesis.
In these assays Sia directly activated Foxd4, both Sia and Twn directly activated Gmnnand
Zic2, and neither directly activated SoxZ1. The cell autonomous inductions would require
that the Organizer transcription factors activate the NE genes within the same cell before

the separation of the Organizer mesoderm and NE lineages. Since fate map studies have
identified such cells (Bauer et al., 1994; Vodicka and Gerhart, 1995), we knocked down Sia
and Twn in the dorsal-equatorial region of the blastula and found that endogenous Foxd4
and Sox11 expression was eliminated. These results demonstrate that the blastula expression
of Sia/Twn in cells that give rise to both the Organizer mesoderm and the NE can directly
activate some NE genes before gastrulation.

Do Organizer Transcription Factors Ectopically Induce Early NE Genes?

In the blastula, the dorsal-equatorial cells that give rise to both the Organizer mesoderm
and the NE (Bauer et al., 1994; Vodicka and Gerhart, 1995) are known to express four
transcription factors (Sia, Twn, Gsc, Foxad); in the gastrula, the Organizer mesoderm
expresses these factors as well as Xanf(aka Hesx1), Lim1, Xnot, OtxZ, and XIPOUZ2

(aka Pou3f4) (Blitz and Cho, 1995; Cho et al., 1991; Gont et al., 1996; Kuroda et al.,

2004; Ishibashi et al., 2008; Laurent et al., 1997; Lemaire et al., 1995; Reversade and

De Robertis, 2005; Ruiz i Altaba and Jessell, 1992; Suduo et al., 2012; Taira et al.,

1994; Wessely et al., 2004; Witta and Sato, 1997; Zaraisky et al., 1995). To determine

if these factors might directly regulate NE genes we ectopically expressed each one by
mMRNA injection into the 16-cell blastomere precursor of the ventral epidermis (Moody,
1987) at doses that previous publications determined were optimal for inducing ectopic
Organizer and/or dorsal axial tissue or for altering dorsal axis formation. This assay tests
induction in a region of the embryo that is devoid of Organizer or neural gene expression.
Because it is a region subjected to endogenous anti-neural signaling (via BMP and Wnt) and
epidermal transcriptional activity (via Vents), it also tests whether the ectopically expressed
transcriptional program can over-ride the epidermal program.

All four NE genes were ectopically induced at high frequencies by Sia and by Twn in
gastrulae (stages 10.5-12.5; Fig. 1A). Some of the NE gene-expressing cells (blue arrows,
Fig. 1B) were adjacent to Sia- and Twn-expressing cells that were marked by the nuclear
BGal (npGal) lineage tracer. This indicates non-cell autonomous induction via a diffusible
factor, as would be expected for an Organizer transcription factor that acts indirectly on the
ectoderm via secreted inhibitory factors. However, in addition, several Foxd4-, Gmnn- and
Zic2-expressing cells were npGal-positive, i.e., they were part of the Sia- or Twn-expressing
clone of cells (red arrows, Fig. 1B). This suggests a cell autonomous induction within the
same cell, indicating that Sia and Twn may also regulate Foxd4, Gmnnand Zic2 directly.
Since Sox11 induction was only non-cell autonomous we conclude that its ectopic induction
is only indirect via secreted factors.

Neither Foxd4 nor Sox11 were significantly induced by any other tested transcription factor;
Gsc, which is a direct target of Sia (Bae et al., 2011; Kessler, 1997; Laurent et al., 1997;
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Reid et al., 2012), ectopically induced Foxd4 in only a few embryos. In contrast, Gmnnand
Zic2were ectopically induced at high frequencies by Gsc and Foxa4 (Fig. 1A), which are
expressed in both the dorsal-equatorial blastula cells and in the Organizer mesoderm. They
also were induced at high frequencies by Lim1, Otx2 and XIPOU2 and at lower frequencies
by Xanf and Xnot2 (Fig. 1A). In most cases the ectopic inductions of Gmnnand Zic2 were
both cell autonomous (in npGal-positive cells; red arrows,) and non-cell autonomous (in
adjacent nBGal-negative cells; blue arrows) (Fig. 1B). These results demonstrate that Foxd4/
Sox11and Gmnnl Zic2 are differentially induced by the nine Organizer transcription factors.
The non-cell autonomous inductions are most likely due to the Organizer gene activating
expression of diffusible factors, whereas the cell autonomous inductions likely result from
direct activation within the same cell.

Is the Ectopic Induction of NE Genes by Sia/Twn Direct?

To test whether the four NE genes could be direct targets of Sia or Twn, we expressed
hormone-inducible Sia (hGR-Sia) or Twn (hGR-Twr) mRNAS in the cleavage stage
blastomere precursor of the ventral epidermis. The hGR fusion proteins are synthesized
shortly after injection of the mRNA, but the hGR domain forms a complex with endogenous
HSP90 in the cytoplasm, preventing them from accessing the nucleus (Kolm and Sive,
1995; Mattioni et al., 1994). Embryos were treated with cyclohexamide (Chx) to block
protein synthesis at blastula stages 8-8.5 (Cho et al., 1991), and treated 40 minutes later
with the synthetic hormone dexamethasone (Dex) to uncouple the complex and allow
nuclear translocation of the hGR-transcription factor. To ensure that the fusion protein was
active, hGR-Sia-injected or hGR-Twrrinjected embryos were treated only with Dex at either
cleavage or blastula stages (Fig. 2A-C); for all four NE genes the ventral induction was as
strong as that of the wild type constructs.

Both Foxd4 and Sox11 were ectopically induced after Dex treatment at high frequency by
both constructs in early gastrulae (stages 10.5-11.5; Fig. 2A-C). In embryos incubated in
Chx before Dex treatment, however, Foxd4 was induced only by hGR-Sia; the frequency
of induction was comparable to Dex treatment alone at either cleavage or blastula stages
and significantly higher than in embryos not treated with Dex (Fig. 2A,D). In these cases
only cells belonging to the Sia-expressing clone (nBGal-positive) expressed Foxad4 (Fig.
2D), indicating only a cell autonomous induction. Chx treatment alone did not induce Foxd4
(0/28 embryos), indicating that Chx was not indirectly preventing the activity of a repressor
(Kurth et al., 2005). Interestingly, Foxd4was not induced by hGR-Twn in Chx+Dex-treated
embryos. This indicates that Twn homodimers cannot directly activate Foxd4. In contrast,
Sox11was not induced in Chx+Dex-treated embryos by either hGR-Sia or hGR-Twn (Fig.
2A,B,D). This is consistent with the lack of cell autonomous induction by the wild-type
proteins (Fig. 1B), and indicates that the Sia-mediated induction of SoxZ1 requires an
intermediate protein.

Both Gmnnand Zic2were ectopically induced after Dex treatment at high frequency by
both constructs (Fig. 2A,B,D). In embryos incubated in Chx before Dex treatment, they both
were induced by both hGR-Sia and hGR-Twn; the frequency of induction was comparable
to Dex treatment alone at either cleavage or blastula stages and significantly higher than
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in embryos not treated with Dex (Fig. 2A-D). In these cases, only cells belonging to the
Sia-positive or Twn-positive clone (nBGal-positive) expressed Gmnnor Zic2 (Fig. 2D).
Neither Gmnnnor Zic2was induced by Chx treatment alone in either hGR-Sia (Gmnn, 0/28;
Zic2, 0/24) or hGR-Twn (Gmnn, 0/15; Zic2, 0/16) injected embryos. These results confirm
that Gmnnand Zic2 are not indirectly induced by inhibiting the synthesis of repressors
(Kurth et al., 2005), but instead are directly activated by both Sia and Twn.

Previously we reported that Sox11, Gmnnand Zic2 expression in the neural ectoderm of

the gastrula requires Foxd4, and that they each can be directly activated by Foxd4 (Yan

et al., 2009). Since Sia and Twn also induce each of these NE genes, we tested whether
Foxd4 activity is required. First, we injected Foxad4 anti-sense morpholino oligonucleotides
(FoxMOs), which previously were shown to effectively block Foxad4 translation (Yan et

al., 2009), into one 8-cell ventral animal blastomere. Next, one of the 16-cell daughter
blastomeres was injected with wild-type Sia or wild-type 7uwrn mRNA. The ectopic
expression of Sox11 by either Sia or Twn was nearly eliminated in these embryos (Fig.
3A,B), indicating that Foxd4 mediates the induction of SoxZ1 by these two Organizer genes.
Foxd4 knock-down also strongly reduced the Sia-mediated induction of Gmnnand Zic2,
but the effects on Twn-mediated induction were much weaker, albeit statistically significant
(Fig. 3A,B). Cells receiving only FoxMOs also did not ectopically express NE genes (0/74,
Sox11;0/73, Gmnn, 2/76, Zic2) These results indicate that Foxd4 activity is required for Sia
induction of Gmnn and Zic2, but only moderately facilitates their Twn-mediated induction.

Is the Expression of NE Genes Initiated in the Blastula?

The ectopic induction assays indicate that Sia and Twn induce Foxd4, Gmnnand Zic2
expression both indirectly, i.e., in adjacent cells, and directly, i.e., in the same cell. The
indirect regulation likely occurs via the well characterized anti-BMP and anti-Wnt neural
inductive signaling from the Organizer mesoderm to the adjacent ectoderm. However, since
direct regulation must occur within the same cell we hypothesized that this interaction could
occur within a dorsal-equatorial blastula precursor that gives rise to both the Organizer
mesoderm and the NE. This seemed possible because these cells are required for both
Organizer and neural development and they express both Organizer genes as well Foxd4,
Gmnnand Zic2 (Fig. 4). To test this, we used MOs to knock down both Sia and Twn

in the dorsal-equatorial blastula cells on one side of the embryo; both proteins need to

be knocked-down to observe a phenotype due to redundancy in DNA binding (Bae et

al., 2011; Reid et al., 2012). The blastula expression of Foxd4and Sox11 was eliminated

in the MO-containing cells as early as stage 9, whereas Gmnnor Zic2 expression was

not detectably altered (Fig. 4). These results indicate that zygotic expression of Foxd4is
initiated in the blastula by Sia/Twn, which in turn is required for SoxZ1 expression before
gastrulation. They also indicate that Gmnnand Zic2 may not require Sia/Twn activation in
the blastula.

DISCUSSION

Foxd4 is transiently expressed from blastula stages to the closure of the neural tube, and
plays a key role in the early steps of NE development (Fetka et al., 2000; Solter et al.,
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1999; Sullivan et al., 2001; Yan et al., 2009). We previously showed that Foxd4 is a critical
upstream regulator of a NE regulatory network (Lee et al., 2014; Moody et al., 2013; Yan et
al., 2009). Decreasing the level of Foxd4 in the NE reduced the expression of 11 other early
neural genes. Increasing the level of Foxd4 up-regulated Gmnnand Zic2, which promote

a proliferative, immature neural ectoderm (Brewster et al., 1998; Kroll, 2007; Kroll et al.,
1998; Seo et al., 2005; Seo and Kroll, 2006), and up-regulated Sox11, which transitions
immature neural progenitors towards differentiation (Bergsland et al., 2006; Hyodo-Miura
et al., 2002; Uwanogho et al., 1995). Furthermore, Foxd4 repressed BMP gene transcription
and BMP signaling (Yan et al., 2009, 2010). Thus, Foxd4 plays a very early role in
establishing the nascent NE and preventing its conversion to a non-neural fate. Its central
and early role provided a unique opportunity to examine whether NE genes are activated
directly.

The studies reported here provide the first evidence that the earliest-expressed NE genes

are activated by the maternal p-Catenin targets, Sia and Twn, that their activation is direct,
and that this activation begins in the blastula. Firstly, Foxd4, Sox11, Gmnn, and Zic2

were ectopically induced by expressing Sia and Twn in ventral epidermal precursors. The
evidence for direct activation is that Foxad4, Gmnnand Zic2 are induced by Sia even when
protein synthesis is inhibited, and that Gmnnand Zic2 are induced by Twn following protein
synthesis inhibition. Additionally, induction of Foxd4, Gmnnand Zic2was observed in

both the cells expressing Sia/Twn and in neighboring cells following ventral injection of
Sia/Twn mRNA, whereas this induction was observed only in the same cell when protein
synthesis was blocked. Finally, the blastula expression of Foxd4and Sox11 was prevented
by knocking down of Sia/Twn in the dorsal-equatorial blastula cells that give rise to both the
Organizer mesoderm and the NE. Taken together, these observations show that Sia/Twn can
directly activate some NE genes in the blastula.

While several signaling pathways, e.g. FGF and Whnt, also play important roles in the
process of neural induction (Fletcher et al., 2006; Mulligan and Cheyette, 2012; Pera et

al., 2014; Pinho et al., 2011; Rogers et al., 2011; Stern, 2006; Streit et al., 2000; Young

et al., 2014), it is well established in several non-mammalian vertebrates that an essential
step in inducing the neural ectoderm is the inhibition of BMP signaling by Organizer
activity. Recent studies in invertebrates and in mouse ESCs and embryos confirm the critical
role of inhibiting BMP signaling (Dang et al., 2012; Kozmikova et al., 2013; Li et al.,
2013). Key transcriptional regulators of Organizer activity are Sia and Twn, two highly
related proteins that directly activate the transcription of a number of genes required for
initiating neural induction via secreted anti-BMP and anti-Wnt factors. However, there has
not previously been evidence that Organizer genes directly up-regulate neural genes. Herein
we demonstrate in an ectopic expression assay in the intact embryo that Sia and Twn can
directly activate three genes that are important for establishing the NE, and that at least

one of these, Foxad4, is activated in the blastula before the separation of the Organizer
mesodermal and NE lineages. It is of interest that DUXO, a double-homeobox transcription
factor that is unique to placental mammals and bears high homology to Sia and Twn in its
homeodomains, also is required for Organizer gene expression in human embryonic stem
cell cultures (Sharon et al., 2012), suggesting that there may be conservation of our findings
with mammals.
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From these observations we propose that two pathways regulate the expression of early

NE genes (Fig. 5). First, within dorsal-equatorial blastula cells, Sia directly activates Foxd4
expression, which in turn activates SoxZ1. Sia and Twn may directly activate Gmnnand
Zic2 as well (see below), but we were not able to demonstrate this due to the high

levels of maternal transcripts. Then, at gastrulation, after dorsal-equatorial blastula lineages
have segregated into Organizer mesoderm and NE, Sia and Twn activity in the Organizer
up-regulates a number of other transcription factors, leading to the secretion of inhibitory
factors. These in turn diffuse into the adjacent ectoderm to prevent BMP- and Wnt-mediated
repression of NE genes, and thereby maintain the expression of NE genes.

Interestingly, Sia/Twn knock-down did not affect the blastula expression of Gmnnor Zic2
even though they appear to be direct targets in the ectopic expression assay. There are two
plausible explanations for this apparent discrepancy. First, Sia/Twn may not directly induce
these two genes in the endogenous environment, whereas in the ectopic induction assay (Fig.
1) they may have an experimentally provided opportunity to bind to the enhancer/promoter
regions of these NE genes. Alternatively, the bulk of the Gmnnand Zic2 mRNAs detected

at blastula stages is likely of maternal origin, which would not be affected by Sia/Twn

MO knock-down in the blastula. We favor this interpretation because Gmnnand Zic2 are
reported to have strong maternal expression (Houston and Wiley, 2005; Kroll et al., 1998),
and RNA-Seq data confirm that they have high levels of maternal expression from cleavage
through blastula stages (Collart et al., 2014; Yanai et al., 2011). In contrast, Foxd4 maternal
mRNA is of low abundance and its zygotic mMRNA levels significantly increase at blastula
stages slightly after the zygotic expression of Sia (Collart et al., 2014; Yanai et al., 2011).
By mining the data from a high resolution time-line of Xenopus transcription at blastula
stages (Collart et al., 2014), we found that Foxd4, Gmnnand Zic2 all show a transient uptick
in mRNA levels just after the onset of Sia transcription (Yanai et al., 2011), and slightly

in advance of a similar uptick in zygotic Sox1Z mRNA levels (Collart et al., 2014). These
temporal data are consistent with a model in which Sia and Twn directly activate Foxd4,
Gmnnand Zic2in the blastula, and Foxd4 directly activates SoxZ1 (Fig. 5). However, using
ChIP-Seq approaches will be needed to convincingly demonstrate this course of events.

Consistent with our previous epistasis studies of NE genes (Yan et al., 2009), Sox11
induction in the blastula requires Foxd4 activity. In contrast, Gmnnand Zic2 can be directly
activated by both Sia and Twn, and only the Sia-induction is reduced in the absence of
Foxd4. Since Gmnnand Zic2 also can be ectopically induced by several Organizer-specific
transcription factors, we conclude that they are regulated by multiple inputs. The Organizer
transcription factors are not likely to act directly in the normal setting of the gastrulating
embryo, but likely require intermediary secreted factors (Fig. 5). In fact, Gmnnand Zic2 are
known to be highly induced ectopically simply by expressing anti-BMP factors (Brewster et
al. 1998; Kroll et al., 1998).

Sia and Twn have key regulatory roles in activating Organizer and neural genes. Several
studies show that Sia is required during blastula stages for the formation of the Organizer
and for the expression of several Organizer-specific genes (Darras et al., 1997; Fan and
Sokol, 1997; Kessler, 1997; Kodjabachian and Lemaire, 2001). It can activate Chordin,
Noggin and Cerberus independent of Nodal signaling and mesoderm formation (Agius et
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al., 2000; Carnac et al., 1996; Darras et al., 1997; Ding et al., 1998; Kodjabachian and
Lemaire, 2001; Medina et al., 1997), but Nodal signaling can enhance Sia induction of these
genes (Crease et al., 1998; Darras et al., 1997; Engleka and Kessler, 2001) by enhancing its
occupancy on their promoter/enhancer elements (Reid et al., 2012). Twn is highly related

to Sia (Laurent et al., 1997; Nishita et al., 2000). Together with Sia it directly activates

Gsc, Chd, and Cerb (Bae et al., 2011; Kessler, 1997; Laurent et al., 1997; Reid et al., 2012;
Yamamoto et al., 2003). Several lines of evidence indicate that Twn and Sia redundantly
activate Organizer genes. They bind to identical elements in the Gsc promoter, and they
form homo- and heterodimers that bind equally well to this promoter (Bae et al., 2011). In
certain assays there are no functional differences between the different types of dimers, and
both proteins must be knocked down to completely eliminate Gsc, Chd, and Zic1 expression
(Bae et al., 2011). However, we detected differences in Sia versus Twn effects on the ectopic
induction of the four NE genes. While both Sia and Twn could ectopically induce all four
NE genes without protein synthesis, Foxd4 was directly induced only by Sia, whereas Gmnn
and Zic2were directly induced by both Sia and Twn. These differences suggest that there is
some specificity in the regulation of the different NE genes that was not observed for Gsc,
Chdand Zic1, which are likely context-dependent. Our evidence indicates that Foxd4 can
be induced by Sia homo-dimers but not by Twn homo-dimers, whereas Gmnnand Zic2 can
be induced by both. The causes of these differences need to be resolved by DNA-binding
assays, and by considering the roles of other proteins, such as XIC (Snider and Tapscott,
2005), that modify Sia induction of Organizer genes.

In summary, our results show that the Organizer transcription factors, Sia and Twn, can
activate some NE genes at blastula stages. Sia directly activates Foxd4, which in turn
activates Sox11. Once descendants of dorsal-equatorial blastula cells diverge into the
Organizer mesoderm and NE lineages, Sia maintains NE genes indirectly via secreted
factors. Although our experiments indicate that Gmnnand Zic2 also can be directly activated
by Sia/Twn in a cell autonomous fashion, which most likely occurs in the blastula, we
could not directly confirm this by Sia/Twn knock-down because Gmnnand Zic2 maternal
mMRNAs are very abundant. However, they do appear to be direct transcriptional targets

of Twn, whereas their Sia induction is likely mediated by Foxd4 activity. In addition,

our data are consistent with Gmnnand Zic2 later being indirectly activated in the neural
ectoderm downstream of several Organizer transcription factors via secreted factors. Thus,
the experiments described herein demonstrate that Sia/Twn activity in the blastula cells that
give rise to both the Organizer mesoderm and the NE directly activates some NE genes,
initiating neural fate before gastrulation.

METHODS

MRNA Synthesis and Injection.

To generate a hormone-inducible 7w plasmid, the 7ivn ORF with a Stul site at its 5" end
and an Xhol site at its 3" end was made using standard PCR methods and cloned into
pCS2*-hGR-MT using the Stul and Xhol sites in the polylinker. The pCS2*-hGR-MT-Twn
plasmid was confirmed by sequencing and used as template to generate MRNA (AGR-MT-
Twr). mRNAs encoding Foxa4 (500 pg/nl; Ruiz i Altaba and Jessell, 1992), Foxd4 (100
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pa/nl; Sullivan et al., 2001), Goosecoid (Gsc,; 500 pg/nl; Cho et al., 1991), an activated
form of Lim1 (3MLim1, 750 pg/nl; Taira et al., 1994), Xnot2 (100 pg/nl; Gont et al.,
1996), Otx2 (100 pg/nl; Blitz and Cho, 1995), X/POUZ2 (200 pg/nl; Witta and Sato, 1997),
Siamois (Sia, 150 pg/nl; Lemaire et al., 1995), hormone-inducible Siamors (hGR-Sia, 150
pg/nl; Kodjabachian and Lemaire, 2001), 7win (7w, 5-10 pg/nl; Laurent et al., 1997),
hormone-inducible 7win (hGR-Twn; 200 pg/nl), and Xanf (50 pg/nl; Zaraisky et al., 1995)
were synthesized /n vitro (Ambion, mMessage mMachine kit). The dose of each mRNA
used was determined from previous publications as being optimal for inducing a secondary
axis or specific dorsal axial structure, indicating induction of ectopic Organizer tissue,

or for altering dorsal axis formation. These mMRNAs were mixed with nuclear-localized
Bgal mRNA (nbgal, 100 pg/nl) as a lineage tracer and microinjected at published optimal
concentrations in embryos that were obtained, cultured and microinjected as previously
described (Moody, 1999, 2000). One nl of each mMRNA mixture was microinjected into
one ventral animal blastomere of the 16-cell embryo that is a defined precursor of the
epidermis (blastomere VV1.1; Moody, 1987). The resulting embryos were examined by /in
situhybridization (ISH) at stages when early NE genes are highly expressed (stages 11.0—
12.5; Nieuwkoop and Faber, 1994) to observe the spatial relationship between the injected
progeny and the cells expressing Foxad4, Sox11, Gmnnor Zic2. The uninjected side of the
embryo was used as an internal control.

Morpholino Knock-Down of Foxd4 in Combination With Sia/Twn mRNA Injection.

To determine if Foxd4 is required for Sia- or Twn-mediated ectopic induction, we performed
sequential injections of Foxd4 antisense morpholino oligonucleotides (MOs) and then Sia
or 7wn mRNAs. A mixture of two Foxa4 MOs (20 ng), which were lissamine-tagged to
visualize the injected progeny and targets both alloalleles to effectively prevent mMRNA
translation (Yan et al., 2009), were injected into a single ventral animal blastomere of the
8-cell embryo. After the next cell division was completed, its midline daughter (blastomere
V1.1) was injected with either Siaor 7wn mRNA, mixed with nBga/ mRNA as a lineage
tracer. The resulting embryos were examined at stages when early NE genes are highly
expressed (stages 11.0-12.5).

Morpholino knock-down of Sia and Twn expression.

The endogenous levels of Sia and Twn were knocked down by injecting previously
characterized MOs (9 ng; Bae et al., 2011), labeled with lissamine, into the 16-cell common
progenitor of the Organizer mesoderm and NE (blastomere D1.1; Bauer et al., 1994; Moody,
1987) on one side of the embryo. The resulting embryos were examined at late blastula
(stage 9).

Hormone induced expression and cycloheximide treatment.

hGR-Siaor hGR-MT-Twn mRNA, mixed with nbga/ mMRNA as lineage tracer, was injected
into one ventral animal blastomere of the 16-cell embryo. Injected embryos were incubated
in synthetic hormone (10 UM dexamethasone, Dex) according to published protocols (Kolm
and Sive, 1995). To ensure that the AGR-Sia and hGR-MT-Twn constructs functioned as
expected, some injected embryos were treated with hormone immediately after mMRNA
injection or at blastula stage 9. These embryos phenocopied those injected with wild-type
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mRNAs. Some embryos were injected with /GR mRNAs and raised in the absence of
hormone; ectopic induction of target genes was observed in fewer than 10% of these
embryos, indicating that the hormone-inducible constructs had little effect in the absence

of hormone, in accord with published accounts (de Graaf et al., 1998; Hollenberg et al.,
1993; Kolm and Sive, 1995; Mattioni et al., 1994). To block protein synthesis, embryos were
injected with AGR mRNAs at the 16-cell stage and at stage 8-8.5 the vitelline membranes
were manually removed and the embryos incubated in cycloheximide (Chx, 10 pg/ml; Kurth
et al., 2005). Half of this dose of Chx is reported to block >95% of protein synthesis,

as detected by either scintillation counting of [3°S]methionine incorporation or protein gel
electrophoresis (Cho et al., 1991). After 40 minutes the Chx medium was supplemented with
Dex (10 M) and embryos allowed to develop until siblings reached stage 12.

Whole Embryo In Situ Hybridization.

Embryos were processed for ISH as previously described (Sive et al., 2000). Anti-sense
Dig-labeled RNA probes were synthesized as previously described (Yan et al., 2009). The
expression patterns of Foxd4, Sox11, Gmnn, and Zic2were compared on the experimental
and control sides of embryos derived from at least three different clutches of eggs from
different sets of adult parents. The frequencies at which embryos showed ectopic expression
of early neural genes in the ventral epidermis were compared to controls using the Chi-
squared test (p < 0.05).

Animals.
Fertilized eggs were obtained from adult frogs under in accordance with national and NIH
guidelines and via protocols approved by the GWU IACUC.
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FIG. 1.
NE genes are ectopically induced in the ventral epidermis by different sets of Organizer

transcription factors. (a) The percentage of embryos in which an ectopic ventral patch

of gene expression (Foxad4, Sox11, Gmnn, Zic2) was observed after mMRNA encoding an
Organizer transcription factor, indicated by colored bars (key is across the top), was injected
into a ventral epidermis progenitor (V1.1; Moody, 1987). The number of embryos analyzed
is shown over each bar. (b) Examples of ectopic ventral induction of the four NE genes in
response to injection of Organizer transcription factor mRNAs. Induced clones are outlined
in black. Foxd4and Sox11 are ectopically induced by Sia, but not by Gsc, Otx2, Foxa4 or
Xnot2, whereas Gmnnand Zic2 are ectopically induced by each of these genes. Images are
of the ventral sides of gastrula stage embryos, animal pole to the left. The cells expressing
the Organizer transcription factor (noted to the left of each embryo) are identified by pink
nuclei (nbgal staining). The NE genes, labeled at the top of each column, were detected by
ISH (purple reaction product). Higher magnification insets in the top row show examples
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of npgal-positive cells that are also NE gene-positive (red arrows); for these cells the
induction is likely cell autonomous. Blue arrows indicate cells that are npgal-negative and
NE gene-positive; for these cells the induction is non-cell autonomous. For Sox11, the blue
bar indicates a broad region of ectopic induction in which there are no npgal-positive cells,
demonstrating that most of its induction is indirect. Black arrows indicate the endogenous
expression domain of the NE gene on the dorsal side of the embryo.
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FIG. 2.

NE genes are directly induced in the ventral epidermis by Sia or Twn. (a) The percentage
of embryos in which an ectopic ventral patch of gene expression (Foxad4, Sox11, Gmnn,
Zic2) was observed after injection of /GR-Sia mRNA. Embryos were either not treated
with hormone (no dex, blue bars), treated with hormone at the 64-cell cleavage stage
(dex-CL, red bars), treated with hormone at the stage 8 blastula (dex-BL, green bars), or
pretreated at stage 8 with a protein synthesis inhibitor 40 minutes before hormone treatment
(Chx+dex, purple bars). The high frequency of induction of ectopic gene expression with
dex treatment alone at either cleavage or blastula stages indicates that the construct is
hormone-inducible. Foxd4, Gmnnand Zic2 are likely direct targets of Sia because in the
presence of Chx they are induced at the same frequency as dex treatment alone, and at a
significantly greater frequency compared to no dex embryos (*,p < 0.001); Sox11is not a
direct target because it is not induced when protein synthesis is blocked by Chx. The number
of embryos analyzed is shown over each bar. (b) The percentage of embryos in which an
ectopic ventral patch of gene expression (Foxd4, Sox11, Gmnn, Zic2) was observed after
injection of AGR-Twn mRNA. The data are presented as described in A. Gmnnand Zic2
are likely direct targets of Twn (*,p < 0.001), whereas Foxd4 and Sox11 are not. The
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number of embryos analyzed is shown over each bar. (c) When an embryo is injected with
Sia-hGR mRNA and not treated with Chx or dex (Chx-/dex-) (left image), NE genes (in this
case Foxd4) are not induced; the Sia-hGR expressing cells (outlined, and in the inset) have
pink nuclei but no purple reaction product. When an embryo is injected with Sia-AGR or
Twn-hGR mRNA and treated with only dex (Chx-/dex+), NE genes are induced (outlined).
For Sox11, there is considerable non-cell autonomous induction (in area indicated by blue
arrow), whereas for Gmnn nearly all the labeled cells have pink nuclei (inset). Black arrows
indicate endogenous expression domain. (d) Examples of direct induction of NE genes by
hGR-Siaor hGR-Twn mRNAs. The injected mRNAS (S/ia-hGR, Twn-hGR) are indicated

to the left of each image, and the assayed NE gene is indicated at the upper left of each

row. Embryos treated only with Chx do not show ectopic induction (Chx+/dex-); only pink
nuclei are visible. Two examples of responses to Sia-hGR and one example of responses to
Twn-hGR direct induction at blastula stages (Chx+/dex+) are shown for Foxad4, Sox11, and
Gmnn, two examples of responses to Twn-hGR and one example of response to Sia-hGR
direct induction at blastula stages (Chx+/dex+) are shown for ZicZ. The region of ectopic
induction (purple) is outlined by red dashes in each case. Sia directly induces Foxd4, Gmnn
and Zic2; Twn directly induces Gmnnand Zic2. Sox11 is not directly induced by either.
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FIG. 3.

Foxd4 mediates some of the ectopic induction of Sox11, Gmnnand Zic2. The percentage of
embryos in which an ectopic patch of gene expression (Sox11, Gmnn, Zic2) was observed
after injection of Sia (blue bars) or 7w (green bars) mRNA in a ventral epidermal lineage
in which Foxd4 translation was knocked-down (FoxMO). Sox11 induction by Sia and Twn
was dramatically reduced in the absence of Foxd4. Gmnnand Zic2induction by Sia was
more strongly affected by the absence of Foxd4 than was their induction by Twn (***,p<
0.001;**, p<0.01;*, p<0.05). The number of embryos analyzed is shown over each bar.
Examples of ectopic ventral expression of Sox11, Gmnnand Zic2in response to injection
of Twn mRNA in the presence of Foxd4 MOs. Black arrows point to the endogenous
expression domains of the genes on the dorsal side. In most cases, there was no detectable
Sox11 expression at the site of Twn expression (pink nuclei without purple reaction product;
inset). For Gmnnand ZicZ, some embryos showed no induction in the absence of Foxd4
(Gmnn left embryo; pink nuclei without purple reaction product; inset), whereas in others
there was robust induction despite the knock-down of Foxd4 (Gmnn, right embryo and Zic2;
pink nuclei surrounded by purple reaction product; insets). All embryos are oriented with
animal pole to left and vegetal pole to right.
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FIG. 4.
Sia/Twn are required for blastula expression of Foxd4and Sox11. Paired bright field (top

row) and fluorescence (bottom row) images of blastula stage embryos in which Sia+Twn
MOs were injected into a 16-cell blastomere that gives rise to the dorsal-equatorial blastula
precursors of the Organizer mesoderm and neural ectoderm (marked by a bracket in the

top row). The location of the MOs is visualized by red (lissamine) fluorescence on the

left side of the embryo (above the white arrows in the bottom row). Normal Foxd4 and
Sox11 expression is more restricted to these dorsal-equatorial cells (brackets), whereas
Zic2and Gmnnnormally are expressed throughout the animal hemisphere including the
dorsal-equatorial cells (shown in right side of each embryo; below the black arrows). Foxd4
and Sox11 expression is greatly reduced in the region containing Sia/Twn MOs (above the
black arrows in the top row). In contrast, Gmnnand Zic2 expression appears unaffected. The
numbers refer to the number of embryos in which gene expression was repressed by Sia/Twn
knock down. Dorsal views of embryos are oriented with animal pole to the right.

Genesis. Author manuscript; available in PMC 2022 March 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Klein and Moody

Page 22

blastula gastrula

Neural
Ectoderm

Organizer
mesoderm

|...-—-—BMP
(;0)(11 Gmnn Zic2

BMP
3 Foxd4 '— Whnt
p -

secreted factors

Organizer TFs

FIG.5.
Summary of Sia/Twn time and location of induction of NE genes. At the blastula stage,

cells that are fated to give rise to both Organizer mesoderm and neural ectoderm express Sia
and Twn, which in turn directly activate Foxad4, Gmnnand Zic2; Sox11 activation requires
the presence of Foxd4. At the gastrula stage, when the descendants of these cells have
segregated into the Organizer mesoderm and the neural ectoderm, NE genes are up-regulated
indirectly by Organizer transcription factors that regulate the expression of secreted factors
that inhibit the BMP and Wnt pathways. Previous studies show that Sox11, Gmnnand Zic2
are expressed by inhibiting BMP, whereas Foxd4 is best expressed when both BMP and
Whnt signaling pathways are blocked (refs in text). In the neural ectoderm, Foxd4 directly
activates Sox11, Gmnnand Zic2 (Yan et al., 2009).
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