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Abstract

The decision by embryonic ectoderm to give rise to epidermal versus neural derivatives is the 

result of signaling events during blastula and gastrula stages. However, there also is evidence in 

Xenopus that cleavage stage blastomeres contain maternally derived molecules that bias them 

toward a neural fate. We used a blastomere explant culture assay to test whether maternally 

deposited transcription factors bias 16-cell blastomere precursors of epidermal or neural ectoderm 

to express early zygotic neural genes in the absence of gastrulation interactions or exogenously 

supplied signaling factors. We found that Foxd4l1, Zic2, Gmnn and Sox11 each induced explants 

made from ventral, epidermis-producing blastomeres to express early neural genes, and that at 

least some of the Foxd4l1 and Zic2 activity is required at cleavage stages. Similarly, providing 

extra Foxd4l1 or Zic2 to explants made from dorsal, neural plate-producing blastomeres 

significantly increased expression of early neural genes, whereas knocking down either 

significantly reduced them. These results show that maternally delivered transcription factors bias 

cleavage stage blastomeres to a neural fate. We demonstrate that mouse and human homologues of 

Foxd4l1 have similar functional domains compared to the frog protein, as well as conserved 

transcriptional activities when expressed in Xenopus embryos and blastomere explants.
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Introduction

It has long been known that the vertebrate nervous system develops during gastrulation in 

response to dorsal mesoderm (the “Organizer”; Spemann and Mangold, 1923-reprinted in 
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2001) that secretes inhibitors of the BMP and Wnt pathways (Khokha et al., 2005; De 

Robertis, 2006; Levine and Brivanlou, 2007; Wills et al., 2010; Pinho et al., 2011; Itoh and 

Sokol, 2014; Pera et al., 2014). As a result, the newly induced neural ectoderm expresses 

numerous transcription factors that prevent it from becoming epidermis (reviewed in Sasai, 

1998; Rogers et al., 2009; Moody et al., 2013; Lee et al., 2014). However, several 

observations suggest that earlier interactions also are required. For example, dorsal cells in 

the blastula express transcription factors and signaling factors that are required for both the 

Organizer and neural ectoderm to form in the gastrula (Kuroda et al., 2004; Reversade and 

De Robertis, 2005; Ishibashi et al., 2008; Suduo et al., 2012; Klein and Moody, 2015).

An important mechanism that influences cell fate prior to gastrulation is the region-specific 

inheritance of maternally synthesized mRNAs and proteins (Davidson, 1990; Sullivan et al., 

1998; King et al., 2005; Heasman, 2006; White and Heasman, 2008; Abrams and Mullins, 

2009; Cuyendall and Houston, 2010). There is abundant evidence in Xenopus that the 

ectodermal germ layer forms in part due to animal pole-enriched maternal transcripts that 

both promote ectoderm and oppose mesoderm germ layer formation (Sasai, 1998; Zhang et 

al., 2003; Zhang et al., 2004; Dupont et al., 2005; Zhang and Klymkowsky, 2007; Cha et al., 

2012; Xu et al., 2012; Bates et al., 2013). Interestingly, several of the maternal transcripts 

enriched in the animal hemisphere are later expressed in the nascent neural ectoderm, and 

are required at that time for nervous system formation. It is not known whether these 

transcripts also function prior to gastrulation to influence cells to become part of the nervous 

system. Some embryological studies in amphibians support this notion, however. For 

example, deletions of animal blastomeres cause disruptions of the neural tube (Kageura and 

Yamana, 1984; Gallagher et al., 1991; Kageura, 1995), transplantation of animal blastomeres 

that normally give rise to parts of the nervous system maintain their neural fate in ectopic 

locations (Kageura and Yamana, 1986; Kageura, 1990; Gallagher et al., 1991), and in 

explant culture (Gallagher et al., 1991; Hainski and Moody, 1992; Pandur et al., 2002). In 

fact, transfer of total RNA from neural precursor blastomeres can cause epidermis precursor 

blastomeres to contribute to ectopic neural tubes (Hainski and Moody, 1992). Although 

several screens have identified animal hemisphere specific maternal transcripts (e.g., Cha et 

al., 2012; Bates et al., 2013; Grant et al., 2014), they have not identified the specific gene 

product(s) responsible for instructing cleavage stage blastomeres to autonomously express a 

neural fate.

This study examined whether epidermal precursor blastomeres can be made to express 

neural plate genes in the absence of germ layer interactions by introducing four candidate 

transcription factors. These factors were selected because each is known to promote a neural 

ectodermal fate as well as oppose an epidermal fate at gastrulation, and their maternal 

transcripts are found in animal blastomeres. Foxd4l1 (aka Foxd5) is required for the 

expression of eleven other neural transcription factors and directly induces three of them 

(geminin [gmnn], zic2, sox11) when ectopically expressed in an epidermal lineage (Yan et 

al., 2009). At gastrula stages, these four transcription factors cooperatively maintain the 

neural ectoderm in an immature, proliferative state, regulate the transition to neural plate 

stem cells, and delay neuronal differentiation (Sullivan et al., 2001; Yan et al., 2009; 

reviewed in Moody et al., 2013). Since each of them also is expressed as a maternal 

transcript (Kroll et al., 1998; Nakata et al., 1998; Koyano et al., 1999; Sullivan et al., 2001; 
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Hyodo-Miura et al., 2002; Yanai et al., 2011; Peshkin et al., 2015; www.xenbase.org), we 

took advantage of the detailed Xenopus 16-cell fate map (Moody, 1987) to misexpress them 

in the blastomere precursors of either epidermis or neural plate, culture the blastomeres as 

explants in the absence of interactions from neighboring cells or exogenous growth factors 

(Fig. 1), and test for early (i.e., zygotic) neural gene expression. We found that each of these 

four transcripts ectopically induced early neural genes in ventral epidermal progenitor 

explants in the absence of increased mesoderm gene expression. Second, increased levels of 

either Foxd4l1 or Zic2 in dorsal neural plate progenitor explants significantly increased their 

expression of early neural and dorsal mesoderm genes above their normal low levels. 

Conversely, knocking down endogenous levels of either Foxd4l1 or Zic2 reduced early 

neural gene expression, indicating that they are required for the endogenous capacity of 

dorsal-animal blastomeres to express neural plate genes. Finally, we demonstrate a 

functional conservation of Foxd4/Foxd4-like genes across tetrapod species by targeting the 

expression of either the single mouse homologue (mFoxd4) or two human homologues 

(hFOXD4, hFOXD4L1) in frog embryos or in blastomere explants. Together, these 

experiments demonstrate that some animal-enriched maternally delivered transcription 

factors play important roles in biasing cleavage stage blastomeres towards a neural fate. 

They further show that the ability of Foxd4/Foxd4-like genes to promote early neural 

ectoderm is conserved across tetrapods, including human.

Results

Are maternal neural transcription factor mRNAs differentially distributed in animal 
blastomeres?

Transcripts encoding four neural transcription factors (nTFs) (foxd4l1.1a [hereafter called 

foxd4l1], zic2, gmnn, sox11) are reported to be maternally deposited in the egg and 

detectable in the animal hemisphere, but not vegetal hemisphere, prior to the onset of 

zygotic transcription at the mid-blastula transition (MBT) (Hiraoka et al., 1997; Brewster et 

al., 1998; Kroll et al., 1998; Sullivan et al., 2001; Houston and Wylie, 2005; Fujimi et al., 

2012; Yanai et al., 2011; Peshkin et al., 2015; www.xenbase.org). We first assessed whether 

they are differentially distributed in the animal hemisphere of the 16-cell embryo by in situ 
hybridization (ISH). For each of the four nTFs, there was no detectable difference in ISH 

staining in the dorsal-animal neural plate progenitors (D11) versus the ventral-animal 

epidermis progenitors (V11) (Fig. 2). To detect potential quantitative differences, we 

compared the levels of each transcript in dissected D11 and V11 blastomeres by quantitative 

real-time PCR. Consistent with the ISH data, and with published RNA-seq data of 8-cell 

blastomeres (De Domenico et al., 2015), the dorsal/ventral ratios were not significantly 

different from 1.0 (range = 0.85-1.02; p>0.05, t-test). These results indicate that the neural 

versus epidermal fates of these two blastomeres is not due to differential inheritance of 

maternal nTF mRNAs.

Can maternal nTFs cause epidermal precursors to express early zygotic neural genes?

To determine whether increasing the level of nTF protein in ventral blastomeres can convert 

the fate of these cells from epidermis to neural, we injected nTF mRNAs that can be 

immediately translated (due to 5′ and 3′ UTR sequences included in the pCS2+ vector), and 
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then explanted blastomere pairs to develop in the absence of signaling from other cells or 

exogenous growth factors (Fig. 1). When siblings reached nascent neural ectoderm stages (st 

11.5-12.5), explants were fixed and processed for the expression of two genes expressed 

only after the MBT in the nascent neural ectoderm and later in the definitive neural plate 

(sox2, zic1; Kuo et al. 1998; Mizuseki et al., 1998), or epidermis (K81 epidermal-specific 
cytokeratin; Jonas et al., 1985). Uninjected V11 explants never expressed sox2, rarely 

expressed zic1 but expressed K81 in every case (Fig. 3A). Foxd4l1 and Zic2 induced both 

early neural genes at significantly increased frequencies, whereas Gmnn preferentially 

induced sox2, and Sox11 only induced zic1 above controls (Fig. 3A, B). Foxd4l1 and Zic2 

also reduced the frequency of explants that expressed K81, whereas Gmnn and Sox11 did 

not (Fig. 3A). However, in nearly every case for all four nTFs, the expression domain of K81 
in the explant did not overlap with the nβGal lineage tracer, indicating that the original 

epidermal fate was preserved only in patches of cells that did not highly express the injected 

nTF (Fig. 3C).

These results demonstrate that increasing the protein levels of each of the four nTFs in 

isolated blastomeres causes ventral-animal blastomeres to change fate from epidermal to 

neural. To determine whether this is mediated via the ectopic induction of dorsal mesoderm 

genes, we also assayed explants for pan-mesoderm (bra) or dorsal-specific mesoderm (chd) 

genes. Uninjected, control V11 explants express bra at low frequency and do not express chd 
(Fig. 3D, E), as expected from the 16-cell fate map (Moody, 1987). Foxd4l1, Zic2 and 

Sox11 significantly reduced bra expression, and did not induce ectopic chd expression; 

Gmnn did not significantly alter either mesoderm gene (Fig. 3D, E). These results indicate 

that the ability of the nTFs to induce early neural genes in epidermal precursors is direct 

rather than the result of ectopic dorsal mesoderm formation. This conclusion is consistent 

with reports that each of the nTFs has been associated with either an anti-BMP or anti-Wnt 

activity (Kroll et al., 1998; Yan et al., 2009; Yan et al., 2010; Pourebrahim et al., 2011; 

Fujimi et al., 2012).

Are maternal nTFs required for neural precursor expression of early neural genes?

Previous work showed that explants of dorsal-animal blastomeres have an intrinsic ability to 

differentiate into dorsal axial structures (Gallagher et al., 1991). However, when those 

experiments were published the only molecular marker available was an antibody that 

recognized the differentiated notochord; there was no information regarding the expression 

of early zygotic neural genes. Therefore, we tested whether increased levels of Foxd4l1 or 

Zic2 increases the frequency of early neural gene expression in D11 explants. We focused on 

these two nTFs because they had similar effects on the ectodermal and mesodermal genes in 

the V11 explant assays. Uninjected, control D11 explants expressed sox2 and zic1 at 

moderate frequencies (Fig. 4A). Increasing Foxd4l1 or Zic2 levels significantly increased 

the frequency of sox2 expression, but only Foxd4l1 significantly increased zic1 (Fig. 4A). 

Both Foxd4l1 and Zic2 significantly reduced the frequency of K81 expression; in every case 

the K81-positive cells in the explant had minimal overlap with the nβGal lineage tracer (Fig. 

4B), indicating that even in explants scored positive, the nTFs repressed K81 expression. 

Interestingly, both bra and chd were expressed at higher frequencies in Foxd4l1- and Zic2-

injected explants (Fig. 4C, D), in contrast to their effects in V11 explants. This increase in 
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mesodermal gene expression is not unexpected because: 1) the D11 blastomere also is a 

major precursor of the Organizer and the notochord (Moody, 1987; Bauer et al., 1994); 2) 

previous work showed D11 explants autonomously differentiate into notochord (Gallagher et 

al., 1991); and 3) dorsal-animal blastomeres have a pre-MBT competence to respond to 

mesoderm inductive signals (Sokol and Melton, 1991; Kinoshita et al., 1993; Ding et al., 

1998). Nonetheless, the frequency of D11 explants expressing early neural genes was higher 

than those expressing mesoderm genes, indicating that at least some explants express early 

neural genes independent of mesoderm.

To determine whether the intrinsic expression of sox2 and/or zic1 in D11 explants requires 

endogenous Foxd4l1 or Zic2, blastomeres were injected with translation-blocking antisense 

morpholino oligonucleotides (MOs) prior to explant culture; the specificity and efficacy of 

the MOs used have previously been published (Sullivan et al., 2001; Houston and Wylie, 

2005; Fujimi et al., 2012; Supplemental Fig. 1A-C). Knock-down of endogenous Foxd4l1 

(Foxd4l1.1a, Foxd4l1.1b and Foxd4l1.2) using two MOs significantly reduced the frequency 

of sox2 and zic1 expression below control explants (Fig. 4A, B); this reduction could be 

reversed by co-injecting an MO-insensitive mRNA (Supplemental Fig. 1D). While knock-

down of endogenous Zic2 also reduced the frequency of sox2- and zic1-expressing explants, 

these effects did not reach statistical significance (Fig. 4A, B).

Is the ability of Foxd4l1 or Zic2 to induce early neural gene expression in epidermal 
precursors limited to cleavage stages?

Although Foxd4l1 and Zic2 ectopically induced early neural gene expression in the V11 

epidermal precursors, their effects may have occurred at cleavage (maternal) and/or blastula 

(zygotic) stages because these exogenously supplied mRNAs are translated soon after 

mRNA microinjection and are stable due to the 5′ and 3′UTRs supplied by the pCS2+ vector. 

To address the timing of their effects, we made constructs that are fused to the human 

glucocorticoid receptor (hGR). Although the nTF-hGR fusion transcript is immediately 

translated, the protein is sequestered in the cytoplasm by heat shock proteins and cannot 

access the nucleus until the ligand, in this case exogenously applied dexamethasone (Dex), is 

presented (Mattioni et al., 1994; Kolm and Sive, 1995). As shown in Table 1, Dex treatment 

alone at blastula stages (st 8) does not induce the expression of either sox2 or zic1 in V11 

explants. Blastula activation of Foxd4l1-hGR only slightly induced expression of either early 

neural gene, in significant contrast to the wild-type, early-expressed construct. Blastula 

activation of Zic2 also was significantly less effective at inducing zic1 compared to the wild 

type, early-expressed construct, whereas its induction of sox2 was not different. These 

results indicate that cleavage stage activity of Foxd4l1 and Zic2 are required for at least 

some of their inductive activity of early, zygotic neural genes.

Do mammalian homologues have the same functions in Xenopus assays?

To determine whether frog and mammalian Foxd4/Foxd4-like proteins are similar, we 

compared the amino acid sequence of Xenopus and human homologues by CLUSTAL 

analysis (Supplemental Fig. 2). The two Xenopus tropicalis proteins (Foxd4l1.1, Foxd4l1.2), 

the three Xenopus laevis proteins (Foxd4l1.1a, Foxd4l1.1b, Foxd4l1.2) and the two human 

proteins (hFOXD4; hFOXD4L1) all contain an N-terminal “acidic blob” region (Fig. 5A). 
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We previously showed in frog that this domain is required for transcriptional activation of 

target genes (Neilson et al., 2012; Klein et al., 2013). The five Xenopus proteins and 

hFOXD4L1 also contain an Eh-1 motif (Fig. 5B) that can bind to Groucho-related (Grg/

TLE) co-repressor proteins (Yaklichkin et al., 2007). We previously showed in frog that this 

motif is partially responsible for transcriptional repression of target genes (Neilson et al., 

2012; Klein et al., 2013). However, there is a single nucleotide deletion in the hFOXD4 gene 

that introduces a frame shift that completely eliminates the Eh-1 motif (Fig. 5B). To test 

whether these differences in Eh-1 motifs in the human proteins affect their ability to bind 

Groucho-related proteins, we assayed the binding of Xenopus Grg4 to frog and mammalian 

Foxd4/Foxd4-like proteins by co-immunoprecipitation (Fig. 5C). While Xenopus laevis 
Foxd4l1 and mFoxd4 strongly bind with Grg4, the human homologues only bind weakly. 

However, the higher avidity of hFOXD4L1 compared to that of hFOXD4 is consistent with 

the latter's loss of the Eh-1 motif.

Since the frog and human Foxd4/Foxd4-like proteins contain similar functional domains but 

have different abilities to bind to frog Grg4, we tested whether the human proteins can 

functionally substitute for the Xenopus proteins in intact embryos. Our previous work 

showed that when Xenopus Foxd4l1 is ectopically expressed in the V11 lineage, gmnn, zic2 
and sox11 are ectopically induced in non-neural ectoderm at high frequency (Yan et al., 

2009). hFOXD4 and hFOXD4l1 each ectopically induced gmnn and zic2, but did not 

ectopically induce sox11 (Fig. 6A). Similarly, we previously reported that when additional 

Xenopus Foxd4l1 is expressed in the D11 lineage, the neural plate expression of gmnn and 

zic2 is up-regulated, whereas that of sox2, sox11 and zic1 is down-regulated (Yan et al., 

2009). hFOXD4 and hFOXD4l1 also each up-regulated gmnn and zic2 (Fig. 6B), and down-

regulated sox2, sox11 and zic1 (Fig. 6C). Thus, in whole embryo assays the human 

homologues have similar effects compared to the endogenous frog proteins; in another study 

we show the same for mFoxd4 (Sherman et al., 2016). However, in several of these assays 

the human proteins are not as effective as the Xenopus proteins (asterisks in Fig. 6), 

suggesting that they may not bind well to frog co-factors. Interestingly, the lack of an Eh-1 

motif in hFOXD4 cannot be the reason for these differences since both human proteins show 

less robust effects on downstream gene expression.

We also tested the activity of the single mouse homologue (mFoxd4) and the two human 

homologues in blastomere explant assays. In V11 explants, each of the three mammalian 

homologues increased zygotic sox2 expression over controls, but they were significantly less 

effective compared to the frog protein (Fig. 7A). Only mFoxd4 significantly increased zic1 
expression in V11 explants, albeit less frequently than the frog protein. In D11 explants, 

mFoxd4 and hFOXD4 significantly increased sox2 expression, and none of the mammalian 

proteins significantly increased zic1 expression (Fig. 7B). In each case the frequencies were 

significantly smaller compared to the frog protein. These results indicate that while the 

mammalian proteins trend towards similar activities as the frog protein in blastomere 

explants, they are less effective, particularly for zic1.
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Discussion

The differential distribution of maternal mRNAs and proteins can contribute to cell fate 

decisions in a variety of animals. In contrast, there is an abundance of evidence that the 

decision to give rise epidermal versus neural ectoderm is the result of signaling events (Wnt, 

BMP, FGF) that take place during blastula and gastrula stages (Khokha et al., 2005; De 

Robertis, 2006; Levine and Brivanlou, 2007; Wills et al., 2010; Pinho et al., 2011; Itoh and 

Sokol, 2014; Pera et al., 2014). Nonetheless, several studies indicate that in Xenopus the 

cleavage stage precursors of the neural ectoderm contain maternally derived molecules that 

allow them to autonomously present certain aspects of a neural fate prior to or independent 

of inductive signaling (e.g., Kageura, 1990; Gallagher et al., 1991; Hainski and Moody, 

1992; Darras et al., 1997; Ding et al., 1998). Herein we provide further evidence for this 

autonomous proclivity towards a neural fate, which we call neural “bias”, by using a 

blastomere explant culture assay that assesses early zygotic neural gene expression in the 

absence of normal germ layer interactions and exogenous signaling factors. We show that 

Foxd4l1, Zic2, Gmnn and Sox11 can induce explants made from ventral, epidermis-

producing blastomeres to express two early neural genes in the absence of mesoderm, and 

that at least some Foxd4l1 and Zic2 activity is required prior to blastula stages. Similarly, 

increased levels of either Foxd4l1 or Zic2 in explants made from dorsal, neural plate-

producing blastomeres significantly increased the frequency at which early neural genes are 

expressed in dorsal explants, whereas, knock-down of either significantly reduces that 

frequency. These results indicate that Foxd4l1 or Zic2 are required for the endogenous 

capacity of dorsal-animal blastomeres to express early neural genes. This differential dorsal 

versus ventral competence to autonomously express early neural genes is similar to previous 

reports that Xenopus animal blastomeres are differentially competent to express dorsal 

versus ventral mesoderm (Sokol and Melton, 1991; Kinoshita et al., 1993; Ding et al., 1998).

In combination with several previous reports, these data suggest that neural cell fate is 

acquired in a series of steps (Fig. 8). At cleavage stages, dorsal-animal blastomeres contain 

molecules, including but not necessarily limited to nTFs, that bias them to a neural cell fate. 

Although we do not yet know the molecular basis for this bias, nTFs could repress BMP 

signaling, enhance maternal β-catenin signaling required for Organizer formation, or prime 

the chromatin for later transcriptional events. At blastula stages, maternal β-catenin becomes 

nuclear in the dorsal marginal cells that are the descendants of the dorsal-animal blastomeres 

(Schneider et al., 1996; Medina et al., 1997); in these cells β-catenin directly activates 

Siamois/Twin transcription factors (Carnac et al., 1996). These in turn directly activate the 

zygotic expression of some some nTFs (foxd4l1, gmnn, zic2) in these same cells (Klein and 

Moody, 2015). Finally, during gastrulation, signaling factors that also are directly activated 

by Siamois/Twin in the Organizer mesoderm diffuse towards the anterior pole to maintain 

and expand nTF expression in the nascent neural ectoderm (Laurent et al., 1997; Kessler, 

1997; Kodjabachian and Lemaire, 2001; Bae et al., 2011; Reid et al., 2012). The nTFs then 

up-regulate early neural genes (e.g., sox2, zic1), which in turn act upstream of neural 

differentiation factors (e.g., irx1, ngnr1) and markers of committed neurons (e.g., tubb2) 

(Sullivan et al., 2001; Yan et al., 2009). This scheme poses that acquiring a committed neural 

cell fate relies upon sequential transcriptional and signaling events that over developmental 
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time eventually produce differentiated neurons and glia. Our data indicate that the maternal 

nTFs promote an early neural state, but we do not know if they promote further neural 

differentiation because the zygotic neural markers we used do not define committed neurons 

(Wills et al., 2010). However, previous RT-PCR assays of Foxd4l1-expressing animal caps 

cultured to later stages do show expression of ngnr1 and tubb2 (Sullivan et al., 2001).

Neural fate “bias” is not due to differences in maternal transcript levels of nTFs

Since differential localization of maternal mRNA is a recognized mechanism by which 

adjacent cells in the embryo can attain different fates, we tested whether the nTF mRNAs 

were more abundant in D11 versus V11 blastomeres. The original papers describing the 

cloning of Foxd4l1, Zic2, Gmnn and Sox11 identified the presence of maternal transcripts in 

the animal hemisphere (Hiraoka et al., 1997; Brewster et al., 1998; Kroll et al., 1998; 

Sullivan et al., 2001;Houston and Wylie, 2005; Fujimi et al., 2012), which has recently been 

confirmed by microarray and RNA-seq assays (Yanai et al., 2011; Peshkin et al., 2015; 

www.xenbase.org). However, our results from both ISH and qPCR analyses do not show 

dorsal-ventral differences in their maternal nTF mRNAs; a recent RNA-seq study of 

dissected 8-cell blastomeres also did not detect significant dorsal versus ventral differences 

(De Demenico et al., 2015). Therefore, the intrinsic differences in fate between dorsal and 

ventral 16-cell blastomeres likely are due to differences in epigenetic chromatin states, 

endogenous chromatin remodeling factors, translational efficiencies, post-translational 

modifications, or metabolic activities that either affect responses to maternal Wnt signaling 

(Wills et al., 2010), pre-MBT transcription (e.g., Yang et al., 2002), or responses to later 

inductive signals such as inhibition of BMP, FGFs and Wnts (e.g., Sokol and Melton, 1991; 

Kinoshita et al., 1993; Ding et al., 1998).

It is most interesting that there are reports of cleavage stage post-transcriptional differences 

between 16-cell blastomeres. Protein synthesis studies identified unique protein bands/spots 

from dorsal versus ventral animal 16- and 32-cell blastomeres (Miyata et al., 1987; Klein 

and King, 1988). A recent proteomic analysis showed that Gmnn protein is significantly 

enriched in D11 versus V11 blastomeres (Lombard-Banek et al., 2016), and D11 and V11 

blastomeres have metabolite differences that affect cell fate decisions (Onjiko et al., 2015). 

These results indicate that as technologies for detecting protein and small molecules at the 

single-cell level are improved, many more maternally derived molecules that bias blastomere 

fate decisions at cleavage stages are likely to be identified. It also will be important to use 

proteomic approaches to determine whether the differences we observed in the efficacies of 

the nTF mRNAs to ectopically induce early neural genes are due to differences in nTF 

activity or to differences in the translation of the exogenously supplied mRNAs.

Functional conservation of Foxd4/Foxd4-like proteins

Tetrapods, i.e., amphibians, reptiles, avians and mammals, are genomically highly related. 

Therefore, we were interested to discover whether the nTFs are functionally conserved. 

First, it is notable that the amphibians and mammals have different numbers of Foxd4/
Foxd4-like genes. Xenopus laevis and Xenopus tropicalis each have two Foxd4l1 paralogues 

(Foxd4l1.1 and Foxd4l1.2); in Xenopus laevis Foxd4l1.1 is present as two homeologues 

(Foxd4l1.1a, Foxd4l1.1b) that are derived from the hybridization event that created this 
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species (Matsudo et al., 2015). Mouse has a single gene (Foxd4) and human has two 

expressed paralogues (FOXD4, FOXD4L1) as well as five presumed pseudogenes 

(FOXD4L2-6) (Jackson et al., 2010). Comparison of the amino acid sequences shows that 

all eight expressed proteins contain an N-terminal acidic blob region that we previously 

showed is responsible for transcriptional activation of downstream neural target genes 

(Neilson et al., 2012; Klein et al., 2013). Seven of the proteins, i.e., all except FOXD4, 

contain an Eh-1 motif that binds to Grg-related proteins and is involved in transcriptional 

repression (Yaklichkin et al., 2007; Neilson et al., 2012; Klein et al., 2013). It was surprising 

that both human proteins only weakly bound to Xenopus Grg4, since one contains an Eh-1 

and one does not. This cannot be due simply to expressing a mammalian protein in an 

amphibian cell because the mFoxd4 bound strongly to Xenopus Grg4.

We addressed whether the mammalian homologues had a similar, conserved functional 

activity compared to frog Foxd4l1 by expressing them in Xenopus embryos and blastomere 

explants. We show that the mammalian proteins have similar effects on gene expression, but 

their effects are less robust than the Xenopus protein. This observation is consistent with the 

mammalian proteins having less avidity for Grg4 binding. However, their reduced efficacy 

cannot be due entirely to Grg4 binding since FOXD4 does not contain an intact Eh-1 motif, 

and both FOXD4 and FOXD4L1 show weak Grg4 binding in co-immunoprecipitation 

assays. Based on our previous observation that an additional domain, i.e., a C-terminal 

alpha-helical structure, also contributes to the transcriptional repressive activity of Foxd4l1 

(Klein et al., 2013), we suggest that this structure also is contributing to the species 

differences in phenotypes. Nonetheless, the similar abilities of frog and mammalian Foxd4/

Foxd4-like proteins to affect neural gene expression indicate functional conservation across 

tetrapods. Considering that there is some evidence for asymmetry in mouse blastomeres and 

in blastocyst ectodermal competence (Zernika-Goetz, 2005; Zernika-Goetz, 2006; Li et al., 

2013), it will therefore be exciting to test the function of Foxd4-like proteins, as well as 

other nTFs, in mammalian assay systems.

Methods

Cloning and sequence comparisons

Mouse Foxd4 (mFoxd4), human FOXD4 (hFOXD4), and human FOXD4L1 (hFOXD4L1) 

cDNAs were purchased (Dharmacon) and the ORFs subcloned by PCR into the Stu1/Xho1 

sites of pCS2+ and myc-tagged pCS2+ (pCS2+-MT) vectors using standard techniques. The 

ORF of Xenopus laevis zic2 was excised from pCS2+Zic2 vector (Brewster et al., 1998) 

with EcoR1 and Not1 and subcloned into the pCS2+-hGR vector. The resulting plasmids 

were fully sequenced in both directions. Frog and mammalian Foxd4/Foxd4-like protein 

sequences were aligned using Clustal Omega and displayed using ESpript in order to 

compare the known functional domains of these proteins (Sievers et al., 2011; Robert and 

Gouet, 2014).

Obtaining embryos and microinjections

Fertilized Xenopus laevis eggs were obtained by gonadotropin-induced natural mating of 

adult frogs (Moody, 1999; Moody, 2000). The eggs were dejellied with 2% cysteine solution 
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and selected at the 2-cell stage if the first cleavage furrow bisected the lightly pigmented 

region of the animal hemisphere to accurately identify the dorsal-ventral axis (Klein, 1987; 

Miyata et al., 1987). These selected embryos were cultured in 100% Steinberg's solution 

until the 16-cell stage, when each blastomere was microinjected with 1nl of either mRNAs 

or antisense morpholino oligonucleotides (MOs) according to standard methods (Moody, 

1999; Moody, 2000). mRNAs encoding Xenopus foxd4l1.1a (100pg; Sullivan et al., 2001), 

foxd4l1.1a-hGR (100pg; Yan et al., 2009), n-geminin (gmnn, 100pg; Kroll et al., 1998), 

sox11 (100pg; provided by Tim Grammar and Elena Casey), zic2 (100pg; Brewster et al., 

1998), zic2-hGR (100pg), mFoxd4 (75pg), hFOXD4 (100pg), hFOXD4L1 (100pg), and a 

nuclear-localized β-galactosidase (nβgal; 100pg) were synthesized in vitro (Ambion, 

mMessage, mMachine). Each transcription factor mRNA was mixed with nβgal mRNA and 

microinjected into either both dorsal-animal blastomeres (D11), which are the major 

precursors of the neural plate, or both ventral-animal blastomeres (V11), which are the 

major precursors of the epidermis (Moody, 1987; Moody and Kline, 1990) (Fig. 1). In some 

experiments, hFOXD4 or hFOXD4L1 mRNA, mixed with nβgal mRNA, was microinjected 

into a single D11 or V11 (Fig. 1) to test whether they can alter neural gene expression in the 

intact embryo, as previously shown for Xenopus foxD4l1 (Yan et al., 2009).

Morpholino antisense oligonucleotides (MOs)

Two translation-blocking MOs that bind to Xenopus laevis foxd4l1.1a, foxd4l1.1b and 

foxd4l1.2 mRNAs (FoxMOs) or two that bind to zic2 mRNAs (ZicMOs) were synthesized 

(Gene Tools, LLC), and co-injected in equimolar concentrations, as described above. The 

specificity and efficacy of the FoxMOs were published previously (Yan et al., 2009). As 

shown in Supplemental Figure 1, the FoxMOs bind to all three Xenopus laevis transcripts. 

One zic2 MO overlaps the sequences verified in previous studies to specifically and 

efficiently knock-down maternal and zygotic expression (Houston and Wylie, 2005; Fujima 

et al., 2012), whereas a second zic2 MO lies further upstream in the 5′UTR (Supplemental 

Figure 1). To demonstrate rescue of the MO phenotypes, mRNAs insensitive to MO binding 

were co-injected with the MOs, and D11 explants created as described below. For FoxMOs, 

the mFoxd4 mRNA was used for rescue; for ZicMOs, myc-tagged zic2 mRNA was used 

(Supplemental Figure 1).

Blastomere explants

Upon reaching the 32- to 64-cell stages, injected embryos were transferred to an agarose-

coated Petri dish filled with 50% sterile Steinberg's solution. The midline descendants of the 

injected pair of blastomeres (either blastomere pairs of D11 or V11; Fig. 1) were dissected 

free of the embryo using fine forceps, as previously described (Grant et al., 2013). Each 

explant was transferred to 1× Modified Barth's Solution (MBS) in an agar-coated well of a 

24-well culture plate and cultured at 14° C overnight until sibling embryos, incubated in 

adjacent wells, reached early gastrula (st 10.5) or early neural ectoderm (st 11.5-12.5) stages 

(Nieuwkoop and Faber, 1994). For those explants injected with hormone-inducible (h-GR) 

constructs, dexamethasone (Dex), a synthetic hormone that activates hGR-fusion proteins 

(Mattioni et al., 1994; Kolm and Sive, 1995), was added to the culture medium (final 

concentration = 4 μg/mL) at blastula (st 8-8.5) stages.
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Fixation, histochemistry and in situ hybridization (ISH)

Explants and whole embryos were fixed in 4% paraformaldehyde in MEM buffer when 

sibling control embryos reached the appropriate stages. They were stained for nβGal 

histochemistry, processed for ISH and bleached according to standard procedures (Yan et al., 

2009). Anti-sense RNA probes for maternal neural (foxd4l1, zic2, sox11, gmnn), early 

zygotic neural (sox2, zic1), mesoderm (bra, chd), and epidermis (K81) genes were 

synthesized in vitro (Ambion MEGAscript kits) as previously described (Sullivan et al., 

2001; Yan et al., 2009). For ISH processing of whole embryos (Fig. 2), some were cut into 

animal and vegetal fragments to ensure that the probe could penetrate the yolky cells, and 

some were processed with sense probes to ensure that the ISH signal shown in Fig. 2 is not 

background. For ISH processing of explants, sibling control embryos were included in the 

sample vial throughout the process as positive controls for the probes. Each experiment was 

repeated in 2-5 independent trials with different sets of parents. Explants and embryo ISH 

samples were scored for positive gene expression independently by 2-3 of the authors, and 

the values reported are means of their independent scores. Explants were scored as positive 

if they were stained above the background level (unstained domain) of the whole embryos 

included in the same batch/vial. Differences in frequencies of positive gene expression were 

compared by Chi-squared statistics, with p<0.05 indicating a significant difference.

Quantitative real-time PCR

To measure endogenous levels of nTFs, uninjected V11 and D11 blastomere pairs were 

dissected from the embryo as above and collected in 500μL of Trizol. Five independent 

samples each containing 20 blastomere pairs were collected from 5 different sets of parents. 

Total RNA was extracted, residual genomic DNA was removed by DNAse treatment (Turbo 

DNA-free, Invitrogen), and random-hexamer primed cDNA was generated using ImPromp-

II reverse transcriptase (Promega, Madison WI). qPCR reactions were assembled using a 

EpMotion 5070 liquid handling system (Eppendorf, Hauppauge, NY) that combines forward 

and reverse gene-specific primers (0.3 μM final concentration, Integrated DNA 

Technologies, Coralville, IA, as listed in Supplemental Table 1), with 7.5 μl of SsoFast 

EvaGreen Supermix (Bio-Rad, Hercules, CA) in a 14 μl reaction. qPCR analysis was 

performed using a CFX-384 Real-Time PCR Detection System. Raw CT values were 

normalized to the average of two reference genes (Odc1, Eef1a1) to establish expression 

levels (delta-CT); statistical differences in expression differences between samples (delta-

delta-CT) were assessed by Student's t-test (p<0.05) for each independent analysis.

Co-immunoprecipitation

Oocytes were injected with mRNAs coding for human FOXD4, human FOXD4L1, murine 

Foxd4, Xenopus laevis Fox d4l1.1a and/or Xenopus laevis Grg4, and cultured at 18°C for 18 

hours. For each immunoprecipitation reaction, 150 μl of lysate (15 oocyte equivalents) was 

mixed with 650 μl ice-cold TNSG lysis buffer and 1 μg of antibody (raised against HA or 

Myc; Applied Biological Materials) and incubated at 4°C for 2 h or overnight, after which 

25 μl protein A/G sepharose beads (GE Healthcare) were added to the reaction and rotated in 

an orbital mixer 1 hr at 4°C. Beads were briefly pelleted at 4°C and rinsed 3 times with ice-

cold TNSG lysis buffer. All residual buffer was removed with a flat pipette tip and beads 
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were resuspended in 35 μl 2× TNSG sample buffer (TNSG Buffer: 137 mM NaCl, 10% 

glycerol, 1% NP40, 20 mM Tris (8.0); 4× sample buffer: 4 mL 10% SDS, 2 mL glycerol, 

0.3086 g DTT, 0.00001 g Bromphenol Blue; 4× sample buffer was diluted to 2× in TNSG 

buffer). Samples were boiled at 100°C for 10 min prior to loading on Tris-glycine SDS-

Polyacrylamide 10% gels. For expression checks, 15 μl (1.5 oocyte equivalents) lysate was 

prepared with 4× sample buffer and loaded on Tris-glycine SDS-Polyacrylamide 10% gels. 

Proteins were resolved by SDS/PAGE, transferred to Immobilon-P transfer membranes 

(Millipore) using standard methods, and blocked in Tris-buffered saline (25 mM Tris)+0.2% 

Tween-20 (TBST)+5% nonfat dry milk for at least 1 h to overnight at 4°C. Whenever 

possible, IP-Western blots were incubated with the following HRP-conjugated primary 

antibodies to reduce background: anti-HA-HRP-conjugated (Roche), and anti-Myc-HRP–

conjugated (Millipore). Following antibody incubation, blots were rinsed with TBST, blotted 

with Pierce ECL Western Blotting Substrate (Thermo Scientific) and exposed to film.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Explants can be made from cleavage stage blastomeres of known fates. (A) When 16-cell 

Xenopus embryos cleave in a regular pattern, the dorsal midline blastomeres (D11) will 

faithfully give rise to neural plate (np) and the ventral midline blastomeres (V11) will give 

rise to epidermis (epi). (B) The same embryo has gone through one cell division, i.e., is at 

the 32-cell stage. (C) The four daughters (outlined in B) of the midline D11 blastomeres 

(labeled in A) have been manually dissected and transferred to explant culture.
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Figure 2. 
There is no detectable dorsal-ventral difference in mRNA localization of four neural 

transcription factors at cleavage stages. In situ hybridization detects the indicated mRNAs at 

the same relative intensities in the dorsal (top) and ventral (bottom) 16- to 32-cell animal 

blastomeres, indicating a lack of localization. Not shown: 1) there is no signal in vegetal 

hemisphere blastomeres; 2) similar results were observed when animal cap fragments were 

processed for ISH to ensure probe penetrance in the yolk-ladened cells; and 3) sense probes 

did not shown signal in either animal or vegetal hemispheres.
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Figure 3. 
Neural transcription factors ectopically induce early neural genes in ventral-animal (V11) 

blastomere explants. (A) The percentage of V11 explants scored positive for early neural 

(sox2, zic1) or epidermis (K81) mRNAs after ectopic expression of one of the four neural 

transcription factors (Foxd4l1, Zic2, Sox11, Gmnn). The number above each bar indicates 

the number of explants scored. Asterisk (*) indicates a significant difference (p<0.05, Chi-

square) compared to uninjected, control V11 explants. (B) Examples of explants 

microinjected with each neural transcription factor and assayed for each early neural gene. 

For sox2, all Foxd4l1- and all Gmnn-expressing explants are positive. For other panels, 

arrows indicate the positively stained explants. Pink cells are labeled with the nβGal lineage 

tracer. (C) Examples of explants assayed for an epidermis gene (K81). In uninjected, control 

V11 explants, K81 is expressed in all surface cells of the explant, whereas in neural 

transcription factor-expressing explants (Zic2, Gmnn), K81 expression (arrows) is only in 

nβGal-negative cells. (D) The percentage of V11 explants scored positive for mesoderm 

genes (bra, chd) after ectopic expression of one of the four neural transcription factors. The 

number above each bar indicates the number of explants scored. Asterisk (*) indicates a 

significant difference (p<0.05, Chi-square) compared to uninjected, control V11 explants. 

(E) Examples of explants microinjected with each neural transcription factor and assayed for 

each mesoderm gene. Arrows indicate the positively stained explants.
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Figure 4. 
Neural transcription factors increase the frequency of early neural gene expression in dorsal-

animal (D11) blastomere explants. (A) The percentage of D11 explants scored positive for 

early neural (sox2, zic1) or epidermis (K81) gene expression after increasing Foxd4l1 or 

Zic2 levels by microinjecting additional mRNA, or after decreasing endogenous levels by 

microinjecting translation blocking MOs (FoxMOs, ZicMOs). The number above each bar 

indicates the number of explants scored. Asterisk (*) indicates a significant difference 

(p<0.05, Chi-square) compared to uninjected, control D11 explants. (B) Examples of 

explants assayed for sox2 or K81. In uninjected, control D11 explants, sox2 is autonomously 

expressed in ∼40% of explants. In either Foxd4l1- or Zic2-expressing D11 explants this 

frequency increases to nearly every explant. Conversely, in MO-injected D11 explants the 

frequency is reduced significantly below control. Arrows point out positively stained 

explants. In both Foxd4l1- and Zic2-expressing explants, K81 is expressed (arrows) only in 

nβGal-negative cells. (C) The percentage of D11 explants scored positive for mesoderm 

genes (bra, chd) after increasing Foxd4l1 or Zic2 levels by microinjecting additional mRNA. 

The number above each bar indicates the number of explants scored. Asterisk (*) indicates a 

significant difference (p<0.05, Chi-square) compared to uninjected, control D11 explants. 

(D) Examples of explants assayed for bra or chd. Arrows point out positively stained 

explants.
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Figure 5a

Figure 5b

Figure 5. 
CLUSTAL analysis displayed in ESpript comparing frog and human Foxd4/Foxd4-like 

protein functional domains. (A) The three Xenopus laevis proteins (Foxd4l1.2, Foxd4l1.1a, 

Foxd4l1.1b), the two Xenopus tropicalis proteins (Foxd4l1.2, Foxd4l1.1) and the two human 

proteins (FOXD4L1, FOXD4) each contain an “acidic blob” domain in the N-terminal 

portion of the protein (between green arrows). Red blocks indicate identical amino acids 

(aa), yellow blocks indicate conserved aa, and bold aa within a yellow block indicate aa of 

the same type (e.g., acidic, hydrophobic, etc.). (B) The Eh-1 domain (between blue arrows), 

which binds the transcriptional repressor Groucho/Grg/TLE, is conserved in all of the 

proteins except human FOXD4. (C) Xenopus Grg4 binds to the Foxd4/Foxd4-like proteins 

from different species. Myc-tagged versions of Foxd4/Foxd4-like proteins from Xenopus, 

mouse and human were expressed in Xenopus oocytes either alone or along with HA-tagged 

wild-type Xenopus Grg4. Co-immunoprecipitation (IP) and Western blot (WB) analyses of 
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oocyte lysates expressing HA- and Myc-tagged constructs are indicated (top left and right 

panels). All four constructs bind with Grg4 with the following avidities XlFoxd4l1>mFoxd4 

>hFOXD4L1>hFOXD4. The control panels (2nd from top) show that the IPs contain similar 

levels of Grg4 (left) or Foxd4/Foxd4-like proteins (right), as do the direct lysates (bottom 2 

panels on both left and right).
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Figure 6. 
Similar to Xenopus Foxd4l1, human FOXD4 and FOXD4L1 can affect the expression of 

early neural genes when mis-expressed in Xenopus embryos. (A) Left: Ectopic expression of 

Xenopus Foxd4l1, human FOXD4 and human FOXD4L1 in the V11 lineage results in a 

high frequency of ectopic expression of gmnn and zic2. However, unlike Xenopus Foxd4l1, 

neither human protein ectopically induces sox11. In control embryos none of these genes are 

expressed in the V11 lineage (far right bar). The number above each bar indicates the 

number of embryos scored. Asterisk (*) indicates a significant difference (p<0.05, Chi-

square) compared to ectopic expression of Xenopus Foxd4l1. Middle: an example of ectopic 

induction of gmnn (dark blue stain) in the animal cap ectoderm (ac). Right: an example of 

lack of induction of sox11 in the animal cap ectoderm (ac); endogenous sox11 expression 

can be seen in the neural plate (np). Red dots indicate the lineage-labeled cells expressing 

the microinjected mRNAs. Embryos are animal cap views with dorsal to the top. (B) Left: 

Expressing Xenopus Foxd4l1, human FOXD4 or human FOXD4L1 in the D11 lineage up-

regulates gmnn and zic2 within that lineage at high frequencies. This change in gene 

expression is never seen in control embryos (far right bar). The number above each bar 

indicates the number of embryos scored. Asterisk (*) indicates a significant difference 

(p<0.05, Chi-square) compared to ectopic expression of Xenopus Foxd4l1. Middle: an 

example of up-regulation of zic2 (dark blue stain) within the lineage-labeled clone (red dots) 

compared to endogenous levels in the neural plate (np). Embryo is a dorsal view with animal 
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to the top and blastopore lip marked by arrow. (C) Left: Expressing Xenopus Foxd4l1, 

human FOXD4 or human FOXD4L1 in the D11 lineage down-regulates sox2, sox11 and 

zic1 within that lineage; for sox11 and zic1 the frequencies are significantly less than 

Xenopus Foxd4l1 (asterisks; p<0.05, Chi-square). This change in gene expression is never 

seen in control embryos (far right bar). The number above each bar indicates the number of 

embryos scored. Middle: an example of reduced sox2 expression in the lineage-labeled 

clone (red dots) compared to endogenous expression in the adjacent neural plate (np). Right: 

an example of reduced zic1 expression in the lineage-labeled clone (red dots) compared to 

endogenous expression in the adjacent neural plate (np). Embryos are dorsal views with 

animal to the top and blastopore lips marked by arrows.
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Figure 7. 
Mammalian Foxd4/Foxd4-like homologues can affect the expression of early neural genes in 

Xenopus blastomere explants. (A) The percentage of V11 explants that express early neural 

genes (sox2, zic1). The mammalian homologues cause ectopic expression at frequencies 

significantly greater than uninjected controls (*, p<0.05, Chi-square), but are not as effective 

as Xenopus protein (# indicates a significant difference [p<0.05, Chi-square] compared to 

Xenopus Foxd4l1-expressing explants). (B) The percentage of D11 explants that express 

early neural genes (sox2, zic1). The mFoxd4 and hFOXD4 increase sox2 expression at 

frequencies significantly greater than uninjected controls (*), but are not as effective as 

Xenopus protein (# indicates a significant difference [p<0.05, Chi-square] compared to 

Xenopus Foxd4l1-expressing explants).
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Figure 8. 
A scheme for how neural cell fate may be acquired step-wise. At the 16-cell stage, dorsal-

animal blastomeres (blue) contain molecules, such as nTFs, that bias them to a neural cell 

fate by an unknown mechanism (indicated by “?”). At blastula stages, maternal β-catenin 

becomes nuclear in the dorsal marginal cells that are the descendants of the dorsal-animal 

blastomeres (blue) to directly activate Siamois/Twin. These transcription factors in turn 

directly activate the zygotic expression of some some nTFs (foxd4l1, gmnn, zic2) in these 

same cells. During gastrulation, Siamois/Twin directly activate signaling factors in the 

Organizer mesoderm that diffuse towards the animal pole to promote nTF expression in the 

nascent neural ectoderm (blue). The nTFs then up-regulate early neural genes (e.g., sox2, 

zic1), which in turn act upstream of neural differentiation factors (e.g., irx1, ngnr1) and 

markers of committed neurons (e.g., tubb2b).
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Table 1
Frequency of zygotic neural plate gene expression in V11 explants

sox2 zic1

uninjected 0% (65) 6% (50)

uninjected + Dex st 8 0% (50) 0% (33)

Foxd4l1-wild type 90% (40) 50.8% (61)

Foxd4l1-hGR + Dex st 8 12.5% (48)* 9.4% (32)*

Foxd4l1-hGR, no Dex 0% (27) 0% (21)

Zic2-wild type 26.3% (38) 40.3% (72)

Zic2-hGR + Dex st 8 43.6% (55) 6.3% (32)*

Zic2-hGR, No Dex 0% (19) 2.9% (34)

Legend: The percentage of V11 explants expressing either sox2 or zic1 at early neural plate stages (11.5-12.5). The number of explants analyzed is 
shown in parentheses.

*
Asterisk indicates a significant difference from wild-type frequency (p<0.05, Chi-square statistic).
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