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Abstract
FoxD4L1/D5 is a forkhead transcription factor that functions as both a transcriptional activator
and repressor. FoxD4L1/D5 acts upstream of several other neural transcription factors to maintain
neural fate, regulate neural plate patterning and delay the expression of neural differentiation
factors. To identify a more complete list of downstream genes that participate in these earliest
steps of neural ectodermal development, we carried out a microarray analysis comparing gene
expression in control animal cap ectodermal explants (ACs), which will form epidermis, to that in
FoxD4L1/D5-expressing ACs. Forty-four genes were tested for validation by RT-PCR of ACs
and/or in situ hybridization assays in embryos; 86% of those genes up-regulated and 100% of
those genes down-regulated in the microarray were altered accordingly in one of these
independent assays. Eleven of these 44 genes are of unknown function, and we provide herein
their developmental expression patterns to begin to reveal their roles in ectodermal development.
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Introduction
During embryonic development, the formation of neural versus non-neural ectoderm is
controlled by the differential activation of three main signaling pathways (reviewed in Stern,
2005; Itoh and Sokol, 2007; Rogers et al., 2009). BMP signaling is required to activate an
epidermal fate in the embryonic ectoderm, and reduction of BMP signaling by secretion of
BMP antagonists from the Organizer/Node converts the embryonic ectoderm to a neural fate
(Hawley et al., 1995). Wnt signaling during gastrulation also represses neural fate (Christian
et al., 1991; Heeg-Truesdell and Labonne, 2006) and promotes epidermal fate, in part by
regulating the duration of the BMP/SMAD1 signal (Fuentealba et al., 2007). Like BMP,
Wnt signaling is prevented in the presumptive neural ectoderm by the secretion of Wnt
antagonists from the Organizer. FGF signaling promotes a neural fate and contributes to the
down-regulation of both Bmp gene expression and BMP signaling (Delaune et al., 2005;
Kuroda et al., 2005; Marchal et al., 2009).

In response to these signaling pathways, the presumptive neural ectoderm of Xenopus
initially expresses a large number of transcription factors that have overlapping expression
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domains (reviewed in Yan et al., 2009; Rogers et al., 2009). One of these is FoxD5, whose
gene nomenclature was recently changed to foxd4l1.1
(http://www.xenbase.org/gene/showgene.do?method=display&geneId=479246&); therefore
we will refer to it as FoxD4L1/D5 here on out. FoxD4L1/D5 is expressed broadly
throughout the newly induced neural ectoderm adjacent to the blastopore lip, gradually
becomes confined to the mid-regions of the neural plate, and at neural tube stages is
expressed only at the midbrain-hindbrain region and in the tail bud (Solter et al., 1999; Fetka
et al., 2000 Sullivan et al., 2001). We recently showed that FoxD4L1/D5 plays an essential
role in maintaining an immature neural fate by regulating a number of other neural
transcription factors (Yan et al., 2009). Knock-down of endogenous FoxD4L1/D5 in the
neural ectoderm by targeted injection of anti-sense morpholino oligonucleotides (MOs)
reduces the size of the neural plate and causes a loss of 11 other neural transcription factors.
Thus, FoxD4L1/D5 is necessary for either the induction or the maintenance of the
expression of these genes in the neural ectoderm. In contrast, increased expression of
FoxD4L1/D5 by mRNA injection into a neural progenitor blastomere: 1) increases the
expression of Gem and Zic2; 2) initially represses Sox2, Sox3 and Sox11 and then either
increases their endogenous expression level (Sox11) or expands their expression domains
(Sox2, Sox3); and 3) represses the expression of Zic1, Zic3, SoxD and Xiro1–3. Ventral
expression of FoxD4L1/D5 also promotes ectopic expression of some neural genes,
decreases epidermal genes (TFAP2, Epi-cytokeratin), and locally reduces BMP signaling as
evidenced by the loss of nuclear phosphoSMAD1/5/8 staining (Yan et al. 2009). Thus,
FoxD4L1/D5 is a key regulator of neural fate via both transcription and cell-cell signaling.
However, we do not yet know the molecular details of how this is accomplished.

To identify a broader cast of molecules that may be involved in the gene network by which
FoxD4L1/D5 regulates neural ectodermal fate, microarray expression analyses were
performed on animal cap ectodermal explants (ACs) that expressed FoxD4L1/D5. A subset
of the candidate downstream genes identified by microarray was retested by RT-PCR
analysis of FoxD4L1/D5 mRNA-injected ACs and/or by in situ hybridization assays of
FoxD4L1/D5 mRNA-injected embryos. Together these validated the microarray results for
41/44 tested genes. Several of the genes downstream of FoxD4L1/D5 include molecules in
the BMP and FGF signaling pathways, indicating that one function of FoxD4L1/D5 is to
maintain a signaling environment in the embryonic ectoderm that favors a neural fate.
Several of the up-regulated genes are normally expressed in the neural ectoderm, and several
of the down-regulated genes are normally expressed in the ectoderm bordering the neural
plate or in the epidermis. These results confirm a role for FoxD4L1/D5 in maintaining a
neural versus non-neural ectodermal fate. This study additionally provides the
developmental expression patterns of genes of unknown function that are regulated by
FoxD4L1/D5.

Results and Discussion
FoxD4L1/D5 is a member of the forkhead/winged helix family of transcription factors that
functions as both an activator and a repressor (Sullivan et al., 2001; Yan et a l., 2009). Our
previous work demonstrated that FoxD4L1/D5 acts upstream of 11 other transcription
factors (Gem, Sox2, Sox3, Sox11, SoxD, Zic1–3, Xiro1–3) in the nascent neural ectoderm to
maintain an immature neural fate, regulate neural plate patterning and delay the onset of
expression of bHLH neural differentiation transcription factors (Yan et al., 2009). To
identify a more complete list of downstream genes that may coordinately regulate the
earliest steps of neural ectodermal development, we compared the gene expression profile of
control, untreated ACs, which would eventually form epidermis, to that of FoxD4L1/D5-
expressing ACs. Assays were performed in ACs to avoid the influence of endogenous
signaling centers in whole embryos. We did not treat the ACs with neuralizing factors to
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elicit a neural ectodermal response because previous work showed that FoxD4L1/D5-
expressing ACs express a subset of neural genes in the absence of early mesoderm genes
(Sullivan et al., 2001). However, it should be noted that none of the 11 genes listed above
that are regulated by FoxD4L1/D5 in whole embryo assays (Yan et al., 2009) were altered
>2-fold in this microarray assay, suggesting that these genes require the endogenous
neuralizing environment for FoxD4L1/D5 to optimally affect their transcription. Finally, it
should be noted that although FoxD5 is maternally expressed, its transcripts are not detected
by RT-PCR in uninjected ACs harvested at the same stages as the microarray analyses
(Sullivan et al., 2001).

Increased levels of FoxD4L1/D5 alter the expression of numerous genes
Increasing the level of FoxD4L1/D5 in ACs significantly changed by >2-fold the expression
of 216 genes represented on the array. Of these, 95 were up-regulated (Supplemental Table
1) and 121 were down-regulated (Supplemental Table 2). Of the up-regulated genes, more
than half are of unknown function. The majority of the remainder includes proteins involved
in metabolic processes and transcription factors, with smaller percentages involved in
signaling pathways and more general cellular functions (Fig. 1A). Of the down-regulated
genes, a little less than half are of unknown function, 16% are transcription factors, 12% are
involved in metabolic processes, 13% are involved in signaling pathways, and the remainder
represent more general cellular functions (Fig. 1B).

Validation of microarray results by RT-PCR and ISH assays
To predict the level of false-positive identification of downstream genes by the microarray
approach, we assayed the expression of a subset of putative downstream genes in ACs by
RT-PCR and in whole embryos by ISH. Because FoxD4L1/D5 is known to regulate other
transcription factors and BMP signaling (Yan et al., 2009), we selected genes for validation
if they are known to be involved in transcription or signaling. We also chose genes of
unknown function that displayed the greatest fold-changes (Tables 1 and 2).

For the selected FoxD4L1/D5 up-regulated genes (Table 1), 13/21 were significantly
increased >1.5 fold in the RT-PCR analysis of FoxD4L1/D5-expressing ACs, consistent
with the microarray analysis. For 6/21 genes there was no detectable change in expression
level (0.9−1.49 fold). Two genes (EST-BJ051730, EST-CB983184) that scored as up-
regulated by the microarray analysis were down-regulated >2-fold in the RT-PCR assay. To
analyze whether FoxD4L1/D5 alters the expression of these genes in whole embryos, we
injected FoxD4L1/D5 mRNA into a single dorsal 16-cell blastomere to cause the FoxD4L1/
D5-expressing clone to overlap with the endogenous expression domain of each target gene.
The expression of Prickle-b, Egr1 and XEvl proved below detection by ISH and therefore
could not be analyzed by this method. Of the 18 remaining genes, the expression of 15 were
either increased or expanded in >50% of the embryos in which FoxD4L1/D5 was expressed
in a dorsal clone (Table 1; Fig. 2A). These included 10 that also showed an increase by RT-
PCR, 3 that showed no change by RT-PCR and 2 (EST-BJ051730, EST-CB983184) that
showed a decrease by RT-PCR. Further analysis is required to explain why EST-BJ051730
and EST-CB983184 are up-regulated by microarray and ISH analyses but down-regulated
by RT-PCR analysis. We also tested whether FoxD4L1/D5 could ectopically induce these
genes by injecting mRNA into a single ventral 16-cell blastomere; 4/18 genes were induced
in the ventral epidermis by FoxD4L1/D5 (Table 1; Fig. 2A). In total, 18/21 genes (85.7%)
were confirmed to be increased in expression by FoxD5 by at least one independent assay.
Only the FoxD4L1/D5 up-regulation of XEvl (Wanner et al., 2005), EST-BG161338 and
XLef1 (Molenaar et al., 1998) by microarray analyses were not confirmed by either RT-PCR
or ISH analyses.
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For the 23 selected down-regulated genes, 21 were tested by RT-PCR (Table 2). TFAP2 was
not tested because we previously demonstrated down-regulation by FoxD4L1/D5 (Yan et
al., 2009); Gata3 could not be tested because 3 different primer sets produced
inappropriately sized products. Of the remaining 21 genes, 15 were significantly decreased
>1.5 fold, consistent with the microarray analysis. For 6/21 genes there was no detectable
change in expression level. The expression of Frb3 and Dlx3-a proved below detection by
ISH and therefore could not be analyzed by this method. Of the 21 remaining genes, 20
showed decreased expression in >50% of FoxD4L1/D5 mRNA-injected embryos (Table
2;Fig. 2B). Expression of Szl was strongly induced both dorsally and ventrally, as previously
reported (Yan et al., 2009); surprisingly, this response is opposite to the microarray and RT-
PCR data suggesting that there are additional factors in the whole embryo that allow for Szl
induction by FoxD4L1/D5. It is interesting that although Szl and Frb3 are considered
paralogues (Hufton et al., 2006), we did not detect up-regulation of Frb3 by ISH. In total, all
23 genes were confirmed to be decreased in expression by FoxD4L1/D5 by at least one
independent method.

Developmental roles of validated FoxD4L1/D5 downstream genes
Previous studies of FoxD4L1/D5 indicate that it plays multiple roles in early neural
ectodermal development, including: 1) increasing the expression of neural ectoderm genes;
2) reducing the expression of neural differentiation genes; 3) reducing the expression of
epidermis specific genes; and 4) reducing BMP signaling (Solter et al., 1999; Fetka et al.,
2000; Sullivan et al., 2001; Yan et al., 2009). Analyses of the Gene Ontology function and/
or published literature of those genes validated to be downstream of FoxD4L1/D5
demonstrate concordance with these previous findings, reveal a newly described
involvement in mesoderm and endoderm specification and a newly described involvement in
FGF signaling (Tables 3, 4).

FoxD4L1/D5 up-regulates genes expressed in the neural ectoderm—FoxB1/
Fkh5, a forkhead transcription factor, is expressed in the posterior neural ectoderm during
gastrulation and in the diencephalon-midbrain region in the neural tube (Gamse and Sive,
2001). Fullback, a p75-related neurotrophin receptor, is expressed in the posterior neural
ectoderm during gastrula and neural plate stages, and later is expressed in the diencephalon-
midbrain region (Bromley et al., 2004). Prickle-b, which is involved in the non-canonical
Wnt-PCP pathway during convergent extension movements (Takeuchi et al., 2003), is
expressed in the posterior neural ectoderm during gastrulation (Wallingford et al., 2002).
Oct-1, a POU homeodomain transcription factor, is expressed in the neural ectoderm during
gastrulation, and then becomes enriched in the anterior neural tube (Veenstra et al., 1995).
Thus, FoxD4L1/D5 up-regulates other neural genes with which it shares common
expression domains (Table 3); this would be expected of down-stream targets that are
positively regulated by FoxD4L1/D5.

FoxD4L1/D5 down-regulates transcription factors that promote neural
differentiation—Xash1, a bHLH transcription factor, is expressed in differentiating neural
progenitors (Ferreiro et al., 1993). It was significantly down-regulated by FoxD4L1/D5
(Table 4), in accord with a previous study showing that FoxD4L1/D5 down-regulates other
bHLH neural differentiation genes (Ngnr1, NeuroD) (Sullivan et al 2001).

FoxD4L1/D5 down-regulates epidermal-specific genes—Many genes validated to
be down-regulated by FoxD4L1/D5 (Bmp4, Bmp7, Dlx3, Dlx3-a, Dlx6, Elf-1, FoxI1, Lim5,
Neptune, TFAP-2, Xblimp-1) are known to be involved in non-neural ectodermal
development (Table 4). This is consistent with a previous report that FoxD4L1/D5 represses
epidermal fate (Yan et al., 2009). However, Elf1 and Lim5 are also later expressed in the
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neural plate; it will be interesting to determine whether they are later involved in neural
differentiation, as predicted by their down-regulation by FoxD4L1/D5. This would be in
accord with a previous study that showed that some neural genes (Zic, Xiro) that promote
bHLH expression of neural differentiation genes are down-regulated by FoxD4L1/D5 (Yan
et al., 2009).

FoxD4L1/D5 down-regulates genes involved in BMP signaling—Several genes
related to BMP signaling were down-regulated by FoxD4L1/D5 (Table 4). These include
two ligands (Bmp4, Bmp7) and several genes whose expression is known to depend on BMP
signaling (Dlx3, Dlx6, Szl, TFAP-2). Recent studies show that GATA2 also acts downstream
of BMP in ectodermal cells (Dalgin et al., 2007). These results are in accord with a previous
report that FoxD4L1/D5 reduced nuclear phospho-SMAD 1/5/8 expression in ventral
epidermal cells (Yan et al., 2009). The microarray data support the suggestion that
FoxD4L1/D5 interferes with the BMP signaling pathway, but the molecular mechanism is
not yet known.

FoxD4L1/D5 down-regulates genes involved in mesoderm and endoderm
development—Similar to our findings with non-neural ectodermal genes, we found that
genes involved in mesoderm and endoderm development (Bmp4, Bmp7, Frzb3, GATA2,
GATA3, Xpo) were down-regulated by FoxD4L1/D5 (Table 4). BMP4 and BMP7 promote
ventral mesodermal fates (Nishimatsu and Thomsen, 1998). Frzb3 is a putative Wnt
inhibitor (AF136184, Genbank). GATA2 and GATA3 are primarily expressed in blood
lineages derived from ventral mesoderm, although there may be some neural expression of
GATA3 (Zon et al., 1991). Xpo is expressed in posterior mesoderm and ectoderm during
gastrulation and neurulation in Xenopus (Sato and Sargent, 1991). These results are
consistent with the conclusion that FoxD4L1/D5 down-regulates genes that specify tissues
other than neural ectoderm.

However, there were a few striking examples of mesoderm- and endoderm-associated genes
that were strongly up-regulated by FoxD4L1/D5 (Table 3). Brat/VegT is a T-box
transcription factor that is essential in establishing the endoderm in Xenopus (Horb and
Thomsen, 1997;Zhang et al., 1998), and Derriere is a Nodal factor involved in mesoderm
induction (Sun et al., 1999) that is directly regulated by Brat/VegT (White et al., 2002).
Egr1, a zinc finger protein, is involved in early mesoderm induction in Xenopus (Panitz et
al., 1998), and Xmc is a novel coil-coiled protein initially expressed in the dorsal marginal
zone at the onset of gastrulation and later strongly expressed in the mesoderm flanking the
neural plate (Frazzetto et al., 2002). This inconsistency requires experimental evaluation, but
there are two possible explanations based on previous studies. First, many of these genes are
expressed early in the dorsal blastopore lip region, as is FoxD4L1/D5; perhaps FoxD4L1/D5
regulates genes involved in setting up the dorsal axis, as previously suggested (Sullivan et
al., 2001). Second, while FoxD4L1/D5 does not induce Xbra expression in ACs harvested at
neural plate stages, it does induce muscle-specific actin in ACs harvested at tail bud stages
and in ectopically induced dorsal axes in whole embryos (Sullivan et al., 2001). Because
FoxD4L1/D5 is normally expressed in the mesoderm of the tail bud (Solter et al.,
1999;Sullivan et al., 2001), these observations suggest that FoxD4L1/D5 may play a later
role in mesoderm formation in the tail bud that is reflected in the up-regulation of the
mesoderm-associated genes reported herein. Perhaps FoxD4L1/D5 secondarily influences
mesoderm gene expression by altering FGF signaling, as discussed in the next section.

FoxD4L1/D5 alters genes involved in FGF signaling—FGF signaling has been
implicated in promoting neural induction, regulating patterning of the midbrain and
maintaining neural stem cell proliferation (Umemori, 2009), as well as epidermal and
mesodermal formation. Two members of the FGF pathway that are expressed in the neural
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ectoderm were highly up-regulated by FoxD4L1/D5 (Table 3). FGF8-b, a splice form of
FGF8, mediates early mesoderm and posterior neural tissue formation (Fletcher et al., 2006),
and FgfR2 is expressed in the midbrain-hindbrain region (Blak et al., 2005). Both share
expression domains in the neural ectoderm with FoxD4L1/D5 (Solter et al., 1999; Fetka et
al., 2000). One member of the FGF pathway, FgfR4-c, which causes ectodermal cells to
develop into epidermis (Umbhauer et al., 2000) was down-regulated by FoxD4L1/D5 (Table
4). These results are consistent with the proposal that FoxD4L1/D5 promotes neural
ectodermal fates and suppresses epidermal fates. In addition, three genes (Fullback, Xmc,
XSpr2) regulated by the FGF signaling pathway (Frazzetto et al., 2002; Ossipova et al.,
2002; Sasai et al., 2004; Chung et al., 2005) were up-regulated by FoxD4L1/D5. Fullback
and Xmc roles in neural and mesoderm formation were discussed above. Although XSpr2 is
required for gastrulation movements of the mesoderm (Nutt et al 2001; Zhao et al., 2003), it
also is later expressed in the brain (Ossipova et al., 2002; Fig. 2A); in which of these tissues
its expression is influenced by FoxD4L1/D5 requires further study. One FGF regulated
gene, Elf-1, which encodes an ETS domain transcription factor, was down-regulated by
FoxD4L1/D5. This is surprising, because in mouse Elf-1 is activated by FGF8 signaling in
the midbrain (Lee et al., 1997). The expression of Elf-1 has not been reported in Xenopus.
By RT-PCR, we observed low levels of Elf-1 expression at the 1-cell, blastula and early
gastrula stages, high levels at neural plate through tail bud stages and decreased levels at
larval stages (Fig. 3B). By ISH, we detected weak expression in the animal cap ectoderm,
the neural plate and border zone, anterior neural tube, lens and branchial arch mesoderm
(Fig. 5B). Only at gastrula and neural plate stages does Elf-1 expression overlap with that of
FoxD4L1/D5. In total, these results suggest novel roles for FoxD4L1/D5 in promoting FGF
signaling in the neural ectoderm and perhaps the mesoderm, and in repressing FGF signaling
in the epidermis.

Expression patterns of FoxD4L1/D5-regulated genes of unknown function
A large number of the genes represented on the Affymetrix Xenopus laevis GeneChip (v1.0)
have not been annotated or fully sequenced, and therefore are of unknown function (Fig. 1).
We performed a BLAST search of the 12 genes of unknown function that we validated to
identify their predicted gene functions. Of the seven up-regulated, validated genes, 2 remain
unknown, 2 have high similarity to metabolic enzymes (heme-oxygenase, uridine-cytidine
kinase), one is similar to a solute carrier for membrane transport (Bodoy et al., 2005), one is
similar to a Rapamycin-associated protein, which is a serine-threonine kinase involved in
cell cycle progression (Sabatini et al., 1994), and one is similar to Claudin-5, an integral
membrane protein associated with tight junctions (Sirotkin et al., 1997) (Table 3). Of the 5
down-regulated, validated genes, one remains unknown, one is a cytokeratin, which is an
epidermis-enriched cytoskeletal protein, one is the same as XAG-1, which is a secreted
protein specific to the cement gland (Sive et al., 1989), one is predicted to be a metabolic
enzyme (sulfotransferase) and one is similar to Villin1, which is an actin regulatory protein
(Hesterberg and Weber, 1983) (Table 4). Using whole embryo RT-PCR, we determined the
temporal pattern of gene expression (Fig. 3) and using whole embryo ISH, we determined
the expression patterns of 11 of these validated genes (Figs. 4 and 5); we do not report the
expression of MGC52564 because XAG-1 expression is already characterized (Sive et al.,
1989). In Supplemental Figure 1 we present the expression pattern of the non-validated gene
BG161338 because it is a novel gene.

Uncharacterized genes that are up-regulated by FoxD4L1/D5 are all expressed
in the neural ectoderm—Transcripts for MGC132176, LOC496224, BC097640,
BJ043686 and CB983184 were detected by RT-PCR at the 1-cell and blastula stages (Fig.
3A), consistent with the reported maternal expression of FoxD4L1/D5 (Solter et al.,
1999;Fetka et al., 2000 Sullivan et al., 2001). At gastrula stages (10.0–12.5), all 7 up-
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regulated, validated genes are expressed uniformly in the animal cap ectoderm (Figs. 3A; 4).
Each is also detected at the neural plate stages (13–16) (Fig. 3A); by ISH analyses each is
expressed throughout the neural plate and the neural plate border zone of ectoderm that will
give rise to cranial placodes, hatching gland and neural crest (Fig. 4). Thus in general, the
expression domains of these genes overlap with that of FoxD4L1/D5, which is maternally
expressed in the animal pole at cleavage and blastula stages and zygotically expressed in the
neural ectoderm. However, FoxD4L1/D5 expression is not detected in the neural plate
border zone or the lateral neural plate, indicating that other factors also regulate these genes.

FoxD4L1/D5 expression wanes at neural tube (20–28) and larval (st32–38) stages except at
the midbrain-hindbrain boundary and in the tail bud (Solter et al., 1999; Fetka et al., 2000
Sullivan et al., 2001). In contrast, all 7 up-regulated, validated genes are strongly expressed
at most of these stages (Fig. 3A), and spatially their expression domains are more extensive
than those of FoxD4L1/D5. MGC132176 is expressed throughout the neural tube, with
strong expression in the midbrain-hindbrain region, in the associated neural crest, the dorsal
edge of the cement gland, several placode derivatives, branchial arch and nephric mesoderm
(Fig. 4). LOC496224 is expressed throughout the neural tube, some placode derivatives,
somites, and branchial arch mesoderm (Fig. 4). BC097640 is expressed in the neural tube
with enhanced staining in the pineal, cement gland, several cranial placodes, heart, somites,
branchial arch and nephric mesoderm and ventral blood islands (Fig. 4). BJ051730 is
expressed diffusely throughout the neural tube with enhanced expression in the midbrain-
hindbrain region, in the adjacent neural crest, several placode derivatives, somites, branchial
arch and nephric mesoderm (Fig. 4). At early stages, BJ043686 is weakly expressed
throughout the neural tube and the border zone containing the cranial placodes and neural
crest (Fig. 4). At late tail bud through larval stages, BJ043686 expression is detected in some
placode derivatives, somites, branchial arch and nephric mesoderm (Fig. 4). At early stages,
CB983184 is expressed in the anterior neural tube and border zone containing the cranial
placodes and neural crest (Fig. 4). At late tail bud through larval stages, CB983184 is
expressed diffusely in the brain, retina, some placode derivatives, somites, branchial arch
and cardiac mesoderm (Fig. 4). At early stages, MGC68716 is weakly expressed in the
anterior neural tube, with intense staining in the pineal primordium (Fig. 4). At late tail bud
through larval stages, MGC68716 is additionally expressed in some placode derivatives,
somites, notochord, branchial arch and cardiac mesoderm (Fig. 4). In summary, while the
maternal, blastula, gastrula and neural plate expression patterns of these 7 genes overlap
with that of FoxD4L1/D5, starting at neural plate stages their expression domains are far
more extensive than FoxD4L1/D5, which is only maintained in the midbrain-hindbrain
region. This indicates that these genes may be initially regulated by FoxD4L1/D5, but their
later expression is likely regulated by other factors.

Unknown genes that are down-regulated by FoxD4L1/D5 are all expressed in
non-neural ectoderm—Only LOC443682 expression was detected by RT-PCR at the 1-
cell and blastula stages (Fig. 3B). All 4 down-regulated, validated genes are expressed at
gastrula stages uniformly through the animal cap ectoderm (Figs. 3B, 5A; Table 4),
overlapping with FoxD4L1/D5 expression. RT-PCR analysis shows strong expression
continuing through neural plate and neural tube stages (Fig. 3B), but at larval stages the
expression of LOC443682 wanes.

While temporally, FoxD4L1/D5 expression overlaps initially with these four genes, spatially
it only overlaps significantly at gastrula stages. At neural plate/tube stages, MGC81002 is
weakly expressed in the dorsal epidermis, neural plate/tube and border zone (Fig. 5A). By
late tail bud and larval stages, MGC81002 is additionally expressed in the otocyst and
branchial arch mesoderm (Fig. 5A). At neural plate/tube stages, LOC443682 is strongly
expressed in the epidermis, border zone and anterior neural ridge (Fig. 5A). At later stages,
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LOC443682 is additionally expressed in the nephric mesoderm (Fig. 5A). At neural plate/
tube stages, MGC53193 is expressed in the epidermis, border zone and anterior neural ridge
(Fig. 5A). At tail bud stages, MGC53193 expression is notable in tissue surrounding the
cloaca; at larval stages it is weakly expressed in brain, some placode derivatives, branchial
arch mesoderm and the anterior pharynx (Fig. 5A). At neural plate stages, MGC52940 is
strongly expressed in the border zone surrounding the neural plate and cement gland, and is
weakly expressed throughout the epidermis (Fig. 5A). At later stages, MGC52940 is
strongly expressed in the olfactory placode and scattered cells throughout the epidermis and
is weakly expressed in the anterior pharynx (Fig. 5A).

Summary—The expression patterns of these uncharacterized genes are consistent with
previous studies showing that FoxD4L1/D5 promotes neural plate genes and represses non-
neural ectodermal genes (Yan et al., 2009). The expression domains of all of the up-
regulated genes overlap with FoxD4L1/D5 expression at maternal, blastula, gastrula and
neural plate stages, but they are more extensive than that of FoxD4L1/D5 at neural tube to
larval stages. This indicates that only their early phases of expression might be regulated by
FoxD4L1/D5. The down-regulated genes are highly expressed in the epidermis and non-
neural ectoderm that surrounds the neural plate border and gives rise to placodes and neural
crest, suggesting that FoxD4L1/D5 may restrict their expression from encroaching into the
neural ectodermal domain. It is now important to functionally characterize these novel genes
to further elucidate the gene regulatory network that controls early ectodermal fate
decisions. In particular, we need to test which of these genes are directly regulated by
FoxD4L1/D5, and which ones are regulated by transcriptional activation or repression.
These new FoxD4L1/D5 targets should be valuable in understanding the molecular
mechanisms of embryonic neural development.

Experimental Procedures
Embryos and microinjections

Fertilized Xenopus laevis eggs were obtained by either in vitro fertilization (for ACs) or
gonadotropin-induced natural mating of adult frogs (for targeted blastomere microinjections)
as described elsewhere (Moody, 2000). FoxD4L1/D5 and nuclear β-galactosidase (nβgal)
mRNAs were synthesized by in vitro transcription (Ambion, mMessage mMachine kit). For
ACs, FoxD4L1/D5 mRNA (150pg) was injected into the animal poles of both cells at the 2-
cell stage. ACs were dissected at stages 8.5–9, cultured in 1X MAB and collected at stages
11.5–12.5. For whole embryo in situ hybridization (ISH) assays, one blastomere of the 16-
cell embryo having a defined neural or epidermal lineage (Moody, 1987) was injected with a
mixture of FoxD4L1/D5 (150pg) and nβgal (100pg) mRNAs. Embryos were cultured in
50% Steinberg’s solution and collected at stages 12–14.

Microarray analyses
Four independent samples of FoxD4L1/D5 mRNA-injected ACs were collected. Each
sample was derived from one different male and two different females and contained ∼100
ACs. For each FoxD4L1/D5-expressing sample, a control, uninjected sample from sibling
embryos also was collected. All samples were processed in parallel for cDNA labeling and
chip hybridization to reduce inter-sample variations. Total RNAs were extracted from ACs
with the RNeasy mini kit (Qiagen). Integrity of RNAs was assessed using the Agilent 2100
bioanalyzer (Agilent Technologies) and only samples with an integrity number > 8.0 were
used. Total RNAs were labeled and fragmented with the Ovation Biotin RNA Amplification
and Labeling System (NuGEN Technologies, Inc.). Briefly, 50ng total RNA was used for
first- and second-strand cDNA syntheses. The synthesized cDNAs were amplified, purified
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with a PCR purification kit (Qiagen), then labeled and fragmented following the Ovation kit
instructions. The labeled cDNAs were purified with the Dye Ex kit (Qiagen).

Chip hybridization and statistical analyses were performed by the NINDS-NIMH
Microarray Consortium at The Translational Genomics Research Institute (T-GEN, Tempe,
AZ). The Affymetrix GeneChip® Xenopus laevis Genome Array (v1.0) bears 15503 probe
sets representing about 14400 transcripts. These chips have been successfully used for
analyzing gene expression in the Organizer, endoderm, neural crest and regenerating hind
limb (Grow et al., 2006; Hufton et al., 2006; Sinner et al., 2006; Pearl et al., 2008; Zhao et
al., 2008). The chips were washed and scanned as recommended by the Ovation Biotin RNA
Amplification and Labeling System User Guide (version 1.0). GCOS software was used to
determine signal intensities and detection calls for each gene. The replicate correlation value
for the four control samples was 0.94 and for the FoxD4L1/D5-injected samples it was 0.95,
indicating consistency between replicates despite random genetic variance between parental
frogs. Using GeneSpring software, all experimental arrays were normalized to their matched
control array. Genes were then filtered for at least 2 present calls out of 8 calls. The
remaining list was tested for significant changes by ANOVA (p< 0.05). The raw and
processed data are available (GEO accession number GSE11143).

RT-PCR
Animal poles of 2-cell embryos were injected with FoxD4L1/D5 mRNA and ACs collected
as described for the microarray analyses. Total RNA was extracted the with RNeasy mini kit
(Qiagen). Semi-quantitative RT-PCR within linear ranges was performed as previously
described (Yan et al., 2009). Primers are listed in Tables 1 and 2; some primer sequences
were obtained from published papers, whereas the others were designed with the Primer3
software (Rozen and Skaletsky, 2000). Reverse transcription was performed with 1.0µg of
RNA using the SuperScript first-strand synthesis system (Invitrogen). Standard PCR
amplifications were performed with PCR Supermix (Invitrogen) including 1.0µCi α-
[32P]dATP (Amersham) in the reaction mixture. All PCR assays were repeated at least 3
times. Bands were visualized with a Storm 860 phosphorimager (Molecular Dynamics), the
band intensities were measured with the ImageQuant analysis program and the relative
expression levels of the genes were calculated as compared to an internal control gene (H4).
To determine the developmental expression of unknown FoxD4L1/D5 downstream genes,
wild type embryos were snap-frozen at a series of developmental stages. Total RNAs were
extracted and reverse-transcribed as above. Standard PCR amplifications (primers in Tables
1, 2) were performed to show the expression levels of each gene, with H4 as a loading
control. These analyses were repeated three times with independent samples.

Whole mount in situ hybridization
Plasmids encoding a subset of the putative downstream genes identified in the microarray
assay were either obtained from the laboratory in which they were originally reported
(Tables 3, 4), or purchased from Open Biosystems (Thermo Scientific). Anti-sense
digoxigenin-labeled RNA probes were synthesized by in vitro transcription (Ambion,
Megascript kit). FoxD4L1/D5 mRNA-injected embryos were fixed, stained for expression of
the nβGal lineage tracer and processed for whole mount ISH according to standard protocols
(Sive et al., 2000). Embryos were analyzed for whether the expression domain of the
putative downstream gene was expanded or decreased in size or staining intensity within the
clone of FoxD4L1/D5-expressing cells. The uninjected side of the same embryo was used as
an internal control. To analyze the gene expression patterns of putative downstream genes
with unknown function, uninjected wild type embryos were fixed at gastrulation (stages
10.0–12.5), neural plate (stages 13–16), early neural tube (stages 20–24), tail bud (stages
25–28) and larval (stages 32–38) stages and processed for ISH as above.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gene Ontology analysis of the genes whose expression levels in non-neuralized ACs were
significantly altered >2 fold by FoxD4L1/D5 in a microarray analysis. A. Percentages of
genes up-regulated by FoxD4L1/D5 in each of several GO functional classes. B.
Percentages of genes down-regulated by FoxD4L1/D5 in each of several GO functional
classes. The “Others” category includes metal ion binding proteins, inhibitors, kinases and
undefined nuclear factors.
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Figure 2. Whole mount in situ hybridization assays of embryos injected with FoxD4L1/D5
mRNA
A. Examples of FoxD4L1/D5 causing an increase in downstream gene expression. In neural
plate stage embryos, the expression domains of FoxB1 and XSpr2 are broader on the
FoxD4L1/D5-injected side (right; indicated by βGal-expressing (red) cells). Lines indicate
width of neural plate on injected (right) and control (left) sides of embryos. [Dorsal views
with anterior to the bottom.] The FoxB1 expression domain also extends more anterior
(bracket) compared to anterior limit on control side (arrow). At gastrula stages, the
endogenous domains of Fgf8b and Oct-1 surround the yolk plug (*); the anterior extent of
the domain is indicated by an arrow on the control side. The cells expressing FoxD4L1/D5
(red nuclei) in the neural plate (bracket) also express increased levels of Fgf8b and Oct-1.
[Dorsal views with anterior to the bottom.] Inset in Oct-1 embryo: higher magnification
showing FoxD4L1/D5-cells with red nuclei and blue cytoplasm. At gastrula stages, VegT/
Brat and BJ051739 are ectopically induced in the animal cap ectoderm. [Animal pole
views.]
B. Examples of FoxD4L1/D5 causing a decrease in downstream gene expression. In neural
plate stage embryos, MGC52564, MGC52940, Neptune, Dlx6 and Blimp1 are expressed in
the border zone that separates the anterior neural plate (np) from the epidermis (epi). For
each gene, this region shows decreased expression at the site of FoxD4L1/D5-expressing
cells (red nuclei, arrows; for Neptune, the stripe of expression is interrupted between
arrows). [MGC52564, MGC52940, Dlx6, Blimp1 are anterior views with dorsal to the top;
control side is on the left. Neptune is a side view with anterior to top and dorsal to right.] In
a gastrula embryo, the normal high level of FoxI1 expression in the animal cap ectoderm
(epi) is greatly reduced in the FoxD4L1/D5-expressing clone (*), which is outlined for
clarity.
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Figure 3.
RT-PCR assays illustrate the temporal expression patterns of uncharacterized up-regulated
(A) and down-regulated (B) genes in normal, unmanipulated embryos. RT-, minus RT step;
numbers across the top indicate the developmental stages (st). H4 is an internal control.
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Figure 4.
Whole mount in situ hybridization assays illustrating the expression patterns of 7
uncharacterized genes that are up-regulated by FoxD4L1/D5. Gastrula stages are side views
oriented with animal cap (An) to the top and vegetal pole (Veg) to the bottom. Transcripts
for all 7 genes are detected in the animal cap ectoderm. At neural plate stages, embryos are
oriented in an anterior frontal view, with dorsal to the top. Transcripts for all 7 genes are
detected in the neural plate (np) and in the ectoderm bordering the neural plate (arrow) that
will give rise to the cranial placodes and neural crest. At neural tube stages, MGC132176 is
expressed throughout the neural tube (nt), with intense staining in a band in the midbrain-
hindbrain (hb) region, in adjacent neural crest (nc) and the dorsal rim of the cement gland
(cg). [Left embryo is a dorsal view with anterior at the bottom and right embryo is a ventral
view of the head.] At larval stages (st32−38), MGC132176 is detected throughout the brain
and retina (r), in the lens (L), otocyst (oto), cement gland, branchial arch (BA) and nephric
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mesoderm (ne). [This and all larval stages are side views with anterior to the left.]
Transverse sections of st38 embryo confirm the labeled tissues identified in whole mount
embryos, and identify the profundal ganglion (Pg). At neural tube stages, LOC496224 is
expressed throughout the neural tube, retina and somites (so). [Side view with anterior to the
left.] At larval stages, LOC496224 is additionally expressed in the lens, otocyst and
branchial arches. BC097640 is expressed throughout the neural tube, with strong expression
in the pineal primordium (pin), cement gland, several cranial placodes (dlp, dorso-lateral
placode; olf, olfactory placode; Vp, trigeminal placode), and scattered cells on the ventral
midline (bracket) caudal to the cement gland. [Left embryo is an anterior frontal view with
dorsal to the top; right embryo is a ventral view with anterior to the top.] At larval stages,
BC097640 is additionally expressed in the lens, otocyst, branchial arches, head mesoderm
(hm), heart (ht), ventral blood islands (bl), somites and nephric mesoderm. At neural tube
stages, BJ051730 is weakly expressed throughout the neural tube, with strong expression in
the midbrain-hindbrain region and adjacent neural crest. [Dorsal anterior-view from the top.]
At larval stages, BJ051730 is additionally expressed in the lens, otocyst, branchial arches,
somites and nephric mesoderm. At neural tube stages, BJ043686 is expressed in the neural
tube and the ectoderm bordering it (bz). [Side view with anterior to the left.] At larval
stages, BJ043686 is additionally expressed at low levels in the lens, otocyst, somites,
branchial arch, head and nephric mesoderm. At neural tube stages, CB983184 is expressed
in the neural tube and the ectoderm bordering it. At larval stages, CB983184 is additionally
expressed in the olfactory pit, lens, retina, otocyst, somites, branchial arch mesoderm and
heart. At neural tube stages, MGC68716 is expressed in the neural tube, the ectoderm
bordering it and pineal primordium. At larval stages, MGC68716 is additionally expressed
in the otocyst, somites, branchial arch mesoderm and heart. Additional abbreviations: fb,
forebrain; mb, midbrain.
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Figure 5.
Whole mount in situ hybridization assays illustrating the expression patterns of 5 genes that
are down-regulated by FoxD4L1/D5. Abbreviations are the same as in Figure 4.
A. Down-regulated, validated genes of unknown function. Gastrula stages are side views
oriented with animal pole to the top and vegetal pole to the bottom. Transcripts for all 4
genes are detected in the animal cap ectoderm. At neural plate stages, embryos are oriented
in an anterior frontal view, with dorsal to the top. MGC81002 is weakly detected in the
neural plate, the ectoderm bordering it and epidermis (epi). At neural tube stages, it is
detected diffusely in the neural tube, retina and epidermis. [Side view]. At larval stages,
MGC81002 is additionally detected in the otocyst and branchial arch mesoderm. [Side view
and transverse sections]. At neural plate stages, LOC443682 is strongly expressed in the
epidermis, the ectoderm bordering the neural plate and the anterior neural ridge (anr). At
neural tube stages, LOC443682 is detected throughout the epidermis, with enhanced
expression bordering the retina, hatching gland (hg) and cement gland. [Left embryo is a
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dorso-anterior view with anterior to the bottom; top right embryo is a dorsal view of the
head with anterior to the left, and bottom right embryo is a ventral view of the head with
anterior to the top.] At larval stages, LOC443682 is detected throughout the epidermis, most
strongly on the dorsal side, and in the nephric mesoderm. [Side view and transverse
sections]. At neural plate stages, MGC53193 is detected in the epidermis, border of the
neural plate and anterior neural ridge. At neural tube stages, MGC53193 is strongly
expressed in the head epidermis and tissue surrounding the cloaca (cl). [Left embryo is a
frontal view with dorsal to the top and right embryo is a ventral view with posterior to the
left.] At larval stages, MGC53193 is weakly detected in the epidermis of whole mount
embryos [side view], but transverse sections reveal additional weak expression in brain (b),
lens, otocyst, and anterior pharynx (ph). At neural plate stages, MGC52940 is strongly
expressed in the ectoderm bordering the neural plate and cement gland, and weakly in the
epidermis. At neural tube stages, MGC52940 expression is pronounced in a dorsal midline
stripe in the epidermis, surrounding the retinas, in a patch over the forebrain (between the
retinas) and in the cement gland. [Anterior-frontal view with dorsal to the top.] At larval
stages, MGC52940 is highly expressed in the olfactory placode and in cells dotted
throughout the epidermis; it is weakly expressed in the cement gland and anterior pharynx.
[Side view and transverse sections].
B. Expression pattern of Xenopus Elf-1. Elf-1 is weakly expressed in the animal cap
ectoderm at gastrulation, throughout the neural plate and border zone, and then is barely
detectable in the anterior neural tube (*). At larval stages it is weakly detected in the brain,
lens and branchial arch mesoderm [side views and transverse sections].
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Table 3

Description of function and expression patterns of validated up-regulated genes

Gene Name Protein Description Expression patterns References

FoxB1/Fkh5 Transcription factor Posterior NE, DMR Gamse and Sive, 2001

FGF-8b Peptide growth factor Mesoderm, anterior NP, MHR Fletcher et al., 2006

Egr1 DNA binding DBL, mesoderm Panitz et al., 1998

Fullback p75-like receptor Posterior NE, mesoderm, DMR Bromley et al., 2004

Brat/VegT Transcription factor DBL, endomesoderm Horb and Thompsen, 1997;
Zhang and King, 1996

MGC132176 Similar to heme- oxygenase AC, NP, BZ, NT, MHR, NC, CG,
lens, Oto, BA, Neph This study

LOC496224 Similar to uridine-cytidine
kinase

AC, NP, BZ, NT, retina, lens, Oto,
BA, somites This study

BC097640 Similar to Solute carrier
family 43, member 2

AC, NP, BZ, CG, PL, NT, retina,
pineal, lens, Oto, BA, heart,
somites, Neph, BL

This study

BJ051730 Unknown AC, NP, BZ, NT, MHR, NC, lens,
Oto, BA, somites, Neph This study

BJ043686 Unknown AC, NP, BZ, NT, lens, Oto, BA,
somites, Neph This study

CB983184 Similar to Rapamycin-
associated protein-1

AC, NP, BZ, NT, retina, Olf, lens,
Oto, BA, somites, heart This study

MGC68716 Similar to Claudin-5 AC, NP, BZ, NT, pineal, Oto, BA,
heart, somites, notochord This study

XSpr2 Zinc finger protein DBL, Mesoderm, brain Ossipova et al., 2002

Prickle-b LIM domain-PCP pathway Posterior NE, dorsal mesoderm Wallingford et al., 2002

Oct-1 Transcription factor Ectoderm, anterior NT Veenstra et al., 1995

Derriere Peptide growth factor Endoderm, mesoderm Sun et al., 1999

FGFR2 FGF receptor MHR Friesel and Brown, 1992

Xmc Marginal coil protein DBL, mesoderm Frazzetto et al., 2002

Legend: AC, animal cap ectoderm; BA, branchial arches; BL, ventral blood islands; BZ, ectoderm bordering the neural plate; CG, cement gland;
DBL, dorsal blastopore lip; DMR, diencephalon-midbrain region; HB, hindbrain; MHR, midbrain-hindbrain region; NC, neural crest; NE, neural
ectoderm; Neph, nephric mesoderm; NP, neural plate; NT, neural tube; Olf, olfactory, Oto, otocyst; PL, placodes.
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Table 4

Description of function and expression patterns of validated down-regulated genes

Gene Name Protein Description Expression References

Xash1 Transcription factor Brain, retina Ferreiro et al., 1993

MGC81002 Unknown AC, NP, BZ, NT, Epi, retina,
Oto, BA

This study

Frzb3 Secreted protein Ventral mesoderm, ectoderm Hufton et al., 2006

LOC443682 Predicted sulfotransferase AC, Epi, ANR, BZ, Neph This study

MGC53193 Predicted cytokeratin AC, Epi, ANR, BZ, NT,
lens, Oto, BA, Ph

This study

GATA2 Transcription factor Mesoderm Bertwistle et al., 1996;
Zon et al., 1991

BMP7 Peptide growth factor Ventral mesoderm, ectoderm Hawley et al., 1995

Dlx3-a Transcription factor Ectoderm, CG Papalopulu and Kintner, 1993

MGC52564 XAG-1; Secreted protein Ectoderm, CG Sive et al., 1989

GATA3 Transcription factor Mesoderm, brain Bertwistle et al., 1996;
Zon et al., 1991

MGC52940 Predicted Villin1 AC, Epi, BZ, CG, Olf, Ph This study

BMP4 Peptide growth factor Ventral mesoderm, ectoderm Fainsod et al., 1994

FGFR4c FGF receptor Ectoderm, NT, brain, eyes Golub et al., 2000

TFAP-2 Transcription factor AC, Epi, NC Luo et al., 2003;
Winning et al., 1991

Xpo Transcription factor Posterior mesoderm,
posterior ectoderm

Sato and Sargent, 1991

Neptune Transcription factor Ectoderm, BZ Takeda et al., 2005

FoxI1/ XFD-2 Transcription factor AC, Epi, BZ Matsuo-Takasaki et al., 2005

Szl Secreted protein Ventral marginal zone Salic et al., 1997

Dlx6 Transcription factor AC, Epi, BZ Luo et al., 2001

Xblimp-1/
Prdm-1

Transcription factor Non-neural ectoderm,
endomesoderm, BZ

de Souza et al., 1999
Rossi et al., 2008

Elf-1 Transcription factor AC, Epi, NP, BZ, lens, BA This study

Lim5/Lhx5 Transcription factor Ectoderm, NP, brain Toyama et al., 1995

AC, animal cap ectoderm; ANR, anterior neural ridge; BA, branchial arches; BZ, border zone of neural plate; CG, cement gland; Epi, epidermis;
NC, neural crest; NP, neural plate; NT, neural tube; Olf, olfactory placode/pit; Oto, otocyst, Ph, anterior pharynx.
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