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Abstract

In early embryos of Ciona, an invertebrate chordate, the animal-vegetal axis is established by
the combinatorial actions of maternal factors. One target of these maternal factors, Foxd, is
specifically expressed in the vegetal hemisphere and stabilizes the animal-vegetal axis by
activating vegetal hemisphere-specific genes and repressing animal hemisphere-specific genes.
This dual functionality is essential for the embryogenesis of early ascidian embryos; however,
the mechanism by which Foxd can act as both a repressor and an activator is unknown. Here,
we identify a Foxd binding site upstream of LAx3/4, which is activated by Foxd, and compare it
with a repressive Foxd binding site upstream of Dmrt.a. We found that activating sites bind
Foxd with low affinity while repressive sites bind Foxd with high affinity. Reporter assays
confirm that this qualitative difference between activating and repressive Foxd binding sites is
sufficient to change Foxd functionality. We therefore conclude that the outcome of Foxd

transcriptional regulation is encoded in cis-regulatory elements.
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Introduction

Certain transcription factors can function as both activators and repressors, and these
factors can be largely categorized into two groups based on how their activities are determined.
The activity of the first group is determined by the cellular environment; these factors act as
either an activator or a repressor within a given cell. Their functionality can be switched in
various ways, including by direct post-translational modification and through interactions with
co-factors. For example, Tcf7 acts as an activator when it forms a complex with B-catenin, while
it otherwise acts as a repressor (Behrens et al., 1996; Cavallo et al., 1998; Molenaar et al., 1996;
Roose et al., 1998). In contrast, transcription factors in the second group can act as activators
and repressors within the same cell. For example, glucocorticoid receptor transcription factor
binds to two distinct cis-regulatory elements that are called GREs and nGREs; binding to GREs
or nGREs results in gene activation or repression, respectively (Meijsing et al., 2009; Surjit et
al., 2011). Similarly, FoxD4L1, a Foxd family protein, downregulates genes promoting neural
differentiation and upregulates genes maintaining proliferative neural precursors in the neural
precursor cells of amphibian embryos (Klein et al., 2013; Neilson et al., 2012). The N-terminal
acidic blob region of FoxD4L1 is required for activating targets, and the C-terminal Engrailed
homology region-1 domain is required for repressing targets; however, how the function of

FoxD4L1 is changed from activation to repression remains unknown.

In ascidians, Foxd similarly performs dual functions in the vegetal hemisphere of early
embryos. Specifically, Foxd activates vegetal hemisphere-specific genes and represses animal
hemisphere-specific genes. This action stabilizes the animal-vegetal axis, which is initially
established by maternal factors (Tokuhiro et al., 2017). In ascidian embryos, zygotic

transcription begins between the 8- and 16-cell stages (Oda-Ishii et al., 2018), and different sets



of genes are expressed in the animal and vegetal hemispheres of 16-cell embryos (Oda-Ishii et
al., 2016; Rothbidcher et al., 2007). At the 16-cell stage, a complex of maternal B-catenin and
Tcf7 activates targets including Foxd in the vegetal hemisphere, while maternal Gata.a activates
targets in the animal hemisphere. At the 32-cell stage, Foxd participates in the activation of
downstream genes including Lhx3/4 and Zic-r.b in the vegetal hemisphere and represses animal
hemisphere-specific genes, including Dmrt.a and Dix.b (Tokuhiro et al., 2017). Dual
functionality of Foxd is thus important for early embryogenesis in ascidians. Here, we reveal
that differences in the nucleotide sequences of Foxd binding sites are a key determinant of Foxd

action.



Results

Identification of an upstream regulatory region of Lhx3/4

To understand what determines whether Foxd will act as an activator, we first
analyzed the upstream regulatory region of Lhx3/4, which is positively regulated by Foxd
(Hudson et al., 2016). We made a series of deletion constructs that contained 1000, 400, 300,
200, and 150 bp-long regions from sequence upstream of the L/hx3/4 transcription start site.
While Lhx3/4 is expressed in six vegetal cells at the 32-cell stage, the reporter construct
containing the 1000 bp-long region was expressed in only 3.65 cells on average; this is because
of mosaic incorporation of the reporter construct (Fig. 1A). While expression of the reporter
constructs containing the 400, 300, and 200 bp-long regions was comparable with that of the
1000 bp-containing construct, expression of the shortest construct—containing the 150 bp-long
region—was significantly reduced. These experiments indicate that there is a critical cis-

regulatory element located between —200 and —150 relative to the Lhx3/4 transcription start site.

Next, we searched for putative Foxd binding sites within the 200 bp region upstream
of Lhx3/4 using the Patser program with the position weight matrices (PWMs) for Ciona Foxd
and human FOXD?2. Two sites around —150 and —100 were identified by both PWMs (Fig. 1B).
Because the former site overlapped the region between —150 and —200 that had been identified
as important for Lhx3/4 expression in our reporter construct experiments, we first introduced a
mutation at this site. We found that this mutation significantly reduced reporter expression (from
3.75 to 2.89 cells on average; Fig. 1A). However, the reduction rate in this mutant construct was
smaller than that in the construct containing the 150 bp-long region, which indicated additional
elements between —150 and —200. As two additional sites were identified by the Ciona PWM

alone, we next introduced mutations into all four of the putative Foxd binding sites, which were
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present between —52 and —158. We found that these additional mutations further reduced

expression (from 3.75 to 1.1 cells on average; Fig. 1A).

The Foxd binding site in the upstream region of Lhx3/4 is a low affinity site

A previous study (Kubo et al., 2010) showed that the upstream region of L/x3/4 binds
Foxd in Ciona, using a chromatin immunoprecipitation assay in which Gfp-tagged Foxd protein
was precipitated with an anti-Gfp antibody. To further confirm that Foxd binds to the site
identified in our experiments, we performed an in vitro binding assay (electrophoresis mobility
shift assay; EMSA). When the putative binding site around the —150 bp position was used as a
probe, we observed a shifted band (Fig. 2A). This band was reduced after co-incubation of an
unlabeled competitor with the same sequence as the probe, which suggests that the initial

observed band was specific.

The shifted band observed here for the Lhx3/4 binding site looked weak compared to
those we had previously reported for a Foxd binding site in the upstream region of Dmrt.a
(Tokuhiro et al., 2017). Therefore, we next examined whether there is a difference in the Foxd
affinity of the repressive binding site in the Dmrt.a upstream region and the activating binding
site in the L/x3/4 upstream region. To compare the affinity of these sites for Foxd, we used them
as competitors in an EMSA assay in which the binding site from the Dmrt.a upstream region
was used as a probe (Fig. 2B). We observed that the shifted band was weakened by incubation
with a 50- or 100-fold molar excess of the Dmrt.a competitor, and disappeared with an 800-fold
molar excess. In contrast, it was still visible with a 1600-fold molar excess of the Lhx3/4
competitor. Notably, the Lhx3/4 competitor competed more strongly than the same amount of a
mutated version of the Dmrt.a competitor (WDmrt.a), indicating that the upstream region of

Lhx3/4 contains a weak Foxd binding site. By quantifying band strengths, we estimated that the
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affinity of the repressive Foxd binding site of Dmrt.a is 8- to 16-fold stronger than that of the
activating Foxd binding site of LAhx3/4, because incubation with a 50- or 100-fold molar excess
of the Dmrt.a competitor and incubation with an 800-fold molar excess of the Lhx3/4

competitor gave similar band strengths (Fig. 2B).

A region flanking the core binding site affects the strength of Foxd affinity

To identify the nucleotides which affect affinity to Foxd, we used various competitors
in EMSA assays (Fig. 3A). There are five blocks of nucleotides that differ between the Foxd
binding sites located upstream of Lix3/4 and Dmrt.a, which we here call blocks A to E (Fig.
3A). The competitor, LDDDL, in which blocks A and E are Lhx3/4-type and blocks B to D are
Dmrt.a-type, effectively reduced the signal strength of the shifted band (lane 5 in Figure 3B, C).
This suggests that blocks A and E are not critical for Foxd affinity. An additional block among
blocks B to D was changed from the Dmrt.a- to the Lhx3/4-type in the next three competitors
we tested—LDLDL, LLDDL, and LDDLL. The competitor LDDLL was found to be the most
effective at reducing the signal strength of the shifted band. LLDDL was the least effective, and
LDLDL was modestly effective. These observations indicate that block B is the most critical for
Foxd affinity, followed by C, and then D. The results from three additional competitors—
LDLLL, LLLDL, and LLDLL—in which one of the blocks B to D was Dmurt.a-type and the
remaining blocks were Lhx3/4-type, further support this conclusion. That is, LDLLL, in which
block B is Dmrt.a-type, was found to be most effective, and LLDLL, in which block C is

Dmrt.a-type, was the second-most effective.

Differences in the nucleotide sequences of Foxd binding sites determine Foxd action

The above results demonstrate that the Foxd binding site of Lhx3/4 is qualitatively



different to that of Dmrt.a. To test whether this qualitative difference causes Foxd to act as
either an activator or a repressor, we first changed block B of the Foxd binding site in the
Lhx3/4 reporter construct into the Dmrt.a-type (i.e., the sequence of this site was changed into
the sequence of the competitor LDLLL). As this mutated construct was not expressed at all (Fig.
4A, B), it is highly likely that this specific mutation changed the action of Foxd and caused it to
act as a repressor—because a previous mutation introduced into the core binding sequence for
Foxd at this site reduced, but did not abolish, reporter expression (see Figure 1A). For further
confirmation, we inserted the sequence of the competitor LDLLL at nucleotide position —40,
and left the original Foxd binding site intact. The expression of this reporter was significantly
reduced (Fig. 4A, C). As a control, we inserted the sequence of an intact Foxd binding site in
which all blocks were Lix3/4-type (LLLLL). We observed that this construct was expressed in
vegetal cells (Fig. 4A, D), and notably, ectopic expression was detected in marginal vegetal
cells. Because the parents of these cells express Foxd (Imai et al., 2004; Imai et al., 2002), the
insertion of an additional Foxd binding site might have made this region hyper-sensitive to
Foxd, thereby enabling a response to a low level of Foxd even in the absence of nuclear -
catenin—which is required for LAx3/4 expression in normal embryos (Hudson et al., 2016;

Satou et al., 2001).

The flanking regions of Foxd binding sites of known targets

As in the case of Dmrt.a, Dix.b is expressed in the animal hemisphere and negatively
regulated by Foxd in the vegetal hemisphere (Tokuhiro et al., 2017). Furthermore, a chromatin
immunoprecipitation (ChIP) assay followed by deep-sequencing has shown that Gfp-tagged
Foxd binds to the upstream region of D/x.b (Tokuhiro et al., 2017). We identified a Foxd

binding motif in this upstream region using the Patser program with the PWMSs for human



FOXD2 and Ciona Foxd, and found that this region acted as a strong competitor in an EMSA

assay using the Foxd binding site upstream of Dmrt.a as a probe (Fig. 5).

Conversely, Zic-r.b (previously called ZicL) is activated by Foxd and two putative
Foxd binding sites have been identified in its upstream region using reporter assays (Anno et al.,
2006). A weak, but statistically nonsignificant, peak was also detected in this region by ChIP
assay (Tokuhiro et al., 2017). Of these sites, we used the one which gave a higher Patser score
as a competitor and found that this region did not strongly compete with the Dmrt.a probe (Fig.
5)—as observed for the Foxd binding site of LAx3/4. This observation supports the notion that,

in vitro, activating Foxd sites bind Foxd weakly and repressive Foxd sites bind Foxd strongly.

To directly compare Foxd occupancy at these upstream regions in vivo, we performed
quantitative PCR using ChIP samples from our previous study (Tokuhiro et al., 2017) and
primers designed to amplify genomic regions that included the Foxd binding sites upstream of
Dmrt.a, Dix.b, Lhx3/4, and Zic-r.b. The upstream regions of Dmrt.a, Dlx.b, Lhx3/4, and Zic-r.b
were enriched more than two-fold, while negative control regions within the Pou2 and Hey loci
(which are not expected to bind Foxd) were not enriched (Fig. 6). Enrichment of the upstream
region of Dmrt.a was much greater than of the upstream regions of Lhx3/4 and Zic-r.b, and the
upstream region of Dlx.b was slightly more enriched than that of Lhx3/4 or Zic-r.b. These
observations suggest that the binding site affinities we observed in vitro are related to, but not

determinative for, in vivo occupancy of Foxd.



Discussion

In ascidian embryogenesis Foxd plays a key role in stabilizing the animal-vegetal axis,
which is first specified by maternal factors (Tokuhiro et al., 2017). Namely, Foxd is activated in
the vegetal hemisphere by maternal factors, and then activates genes specific to the vegetal
hemisphere while repressing genes specific to the animal hemisphere. Here, we have
demonstrated that cis-regulatory elements determine the outcome of Foxd activity on its target
genes. We discerned two types of Foxd binding elements in vitro by EMSA assays; target genes
that have high affinity sites are repressed, and target genes that have low affinity sites are

activated.

In ascidian embryos, Foxd is activated by nuclear B-catenin in cells which contributes to
endodermal and mesodermal tissues (Imai et al., 2002). Many deuterostome animals similarly use
nuclear B-catenin to specify endomesoderm (Funayama et al., 1995; Guger and Gumbiner, 1995;
Heasman et al., 1994; Imai et al., 2000; Kelly et al., 1995; Logan et al., 1999; Schneider et al., 1996;
Wikramanayake et al., 1998). In addition, downregulation of nuclear B-catenin results in expansion
of the animal plate in sea urchin embryos (Yaguchi et al., 2008), and two B-catenin proteins
redundantly repress expression of neural marker genes in zebrafish embryos (Bellipanni et al.,
20006). These observations indicate that f-catenin-dependent mechanisms repress ectodermal fate in

these animals (Range, 2014). It might be possible that Foxd acts similarly in these animals.

A previous study on Foxd in Xenopus embryos showed that the Engrailed-homology
domain is necessary for its repressive function and that the acidic blob region is necessary for its
activating function (Neilson et al., 2012). The Engrailed-homology domain is clearly conserved
in ascidian Foxd (Tokuhiro et al., 2017). An additional domain, which is conserved among fish

and amphibians, has also been reported to contribute to the repressive function of Foxd (Klein
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et al., 2013). This domain is not conserved in Ciona Foxd, nor is the acidic blob domain.
However, ascidian Foxd does contain an N-terminal region where acidic residues are enriched,

and it is possible that this region may act similarly to the acidic blob domain to activate targets.

Although the Fox domain is the main DNA binding domain of Fox family
transcription factors, additional domains may be required for binding to low- and high-affinity
binding sites. Differences in Foxd-DNA conformation at low- and high-affinity sites may
explain how Foxd can variously upregulate and downregulate its targets. A similar possibility
has been suggested for the CTCF transcription factor by a study using ChIP assays; CTCF
bound to low occupancy sites is likely to be involved in gene activation, while CTCF bound to
high occupancy sites is likely to be involved in gene repression and to act as an insulator (Essien
et al., 2009). It is thus possible that other multi-functional transcription factors may similarly

bind to qualitatively different sites to fulfil different functions.

Meanwhile, as revealed in our ChIP assay, Foxd occupancy in vivo may not directly
relate to the mode of Foxd function. For example, multiple low-affinity sites may collectively
recruit Foxd at a high frequency. Indeed, our reporter assay (Figure 1) indicates multiple Foxd

binding sites in the upstream region of Lhx3/4.

In vitro binding assays have suggested that some transcription factors can recognize two or
more distinct motifs (Badis et al., 2009; Franco-Zorrilla et al., 2014), although some of these
observations may be explained by monomeric and dimeric binding (Jolma et al., 2013). Here, we
identified that the core sequences of two qualitatively different Foxd binding sites were similar to
each other, while their flanking sequences were different. The flanking sequence of the Foxd binding
site in the Lhx3/4 upstream region is similar to the core Foxd binding motif and is recognized as a

binding site with the Ciona PWM. Therefore, it is possible that this site binds two Foxd molecules,
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which might form a dimer, although the flanking region of the Foxd binding site in the Zic-rb
upstream region is not similar to the core Foxd binding motif. Our data show that these two
qualitatively different Foxd binding motifs evoke different Foxd functions, and thus, that cis-

regulatory sequences regulate the mode of Foxd activity.

Materials and Methods

Animals, whole-mount in situ hybridization, and gene identifiers

Ciona intestinalis (type A; also called Ciona robusta) adults were obtained from the National
Bio-Resource Project for Ciona. cDNA clones were obtained from our EST clone collection
(Satou et al., 2005). Whole-mount in situ hybridization was performed as described previously
(Imai et al., 2004). Identifiers of genes examined in the present study are CG.KY.Chr13.449 for
Lhx3/4, CG.KY.Chr5.698 for Dmrt.a, CG.KY.Chr7.359 for Dix.b,
CG.KY.Chr6.26/27/28/29/30/31 for Zic-r.b, CG.KY.Chr1.1698 for Macho-1, CG.KY.Chr4.359

for Pou2f, and CG.KY.Chr10.1431 for Hey.

Reporter assays

Reporter constructs were introduced into fertilized eggs by electroporation. Chromosomal
positions of the upstream sequences for reporter constructs and the mutated sequence are
indicated in Figure 1. We randomly chose embryos electroporated with reporter constructs to
examine reporter construct expression by in situ hybridization. All reporter assays were

performed at least twice with different batches of embryos.

Electrophoresis mobility shift assay (EMSA)
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Recombinant Foxd.b protein was produced as a fusion of the Foxd DNA-binding domain and
glutathione S-transferase in Escherichia coli BL21 star DE3 (Thermo Fisher Scientific), and
purified under native conditions using glutathione Sepharose 4B (GE Healthcare) (Tokuhiro et
al., 2017). After annealing two complementary oligonucleotides, the protruding ends were filled
with biotin-11-dUTP, and this biotin-labelled double-stranded oligonucleotide was used as a
probe. Proteins and the biotin-labeled probe were mixed in 10 mM Tris (pH 7.5), 50 mM KCI, 1
mM DTT, 1 mM EDTA, 50 ng/pL poly (dIdC), 2.5% glycerol, and 0.05% NP40, with or
without competitor double-stranded DNAs. Proteins amounts were empirically determined.
Protein-DNA complexes were detected using an AP-conjugated anti-biotin antibody (Roche)
and CDP-star substrate (Roche). Oligonucleotides used for the intact Foxd binding sites in the
upstream regions of Lhx3/4 and Dmrt.a were as follows: Lhx3/4, 5'-
aaaAAACACCGCTGTTTGCATTGTG-3' and 5'-aaaCACAATGCAAACAGCGGTGTTT-3";
Dmrt.a, 5'-aaaTAACAATAATGTTTACGTTGGT-3" and 5'-
aaaACCAACGTAAACATTATTGTTA-3'. Nucleotide sequences of other competitors are shown
in Figures 2, 3, and 5. Bands were quantified as arbitrary units using an imager (ChemiDoc

XRS, Bio-Rad) and Quantity-One software (Bio-Rad).

Chromatin immunoprecipitation

Embryos electroporated with a DNA construct encoding GFP-tagged Foxd under the control of
the Foxd promoter were fixed at the 32-cell stage. Chromatin-immunoprecipitation was
performed using an anti-Gfp antibody and precipitated DNA was amplified by ligation-mediated
PCR (Kubo et al., 2010). Whole-cell extract DNA was used as a control. Quantitative PCR was
used to measure the enrichment of five regions using the following primers: the Foxd binding

site in the upstream region of Dmrt.a, S'-TCAATTTAAAACCCGTCGACAA-3" and 5'-
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ATGTACATTGCCACAACAACCAA-3'; the Foxd binding site in the upstream region of
Lhx3/4,5'-CGTCGTCTGTACCGCATTATGA-3" and 5'-ACAATTAACGCCTCGCTTTGA-3';
the Foxd binding site in the upstream region of Dix.b, 5'-
ACTCACTTGAATAAAGCCGAAGAGA-3" and 5'- GCTCGAGCACGTGCATTGT-3'; the
Foxd binding site in the upstream region of Zic-r.b, 5'-GCGAAAGCGTGCCAAAAGTA-3" and
5'-CCCCACCTCCGATATTTGC -3'; a control region within the Macho-1 (Zic-r.a) locus, 5'-
GTACTCTCCAATGCGTCAATCCA-3'" and 5'-TCGCACGCCAATTAAATGC-3'; a control
region within the Hey locus, 5'-TGTTACGCGGAAGTGTTTCATT-3" and 5'-
CCTTGGTGCCGGAAATTAAAA-3'; a control region within the Pou?2 locus, 5'-
ATGTGCAGAAGGAGCAATCAA-3" and 5'-CCCACCAAGTCCTCAGGTACAT-3".
Enrichment was calculated using the control region within the Macho-1 locus as an internal

reference.
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Figure legends

Figure 1. Identification of Foxd binding sites in the upstream region of Lhx3/4. (A) A series of
deletion reporter constructs and two mutation reporter constructs containing the upstream region of
Lhx3/4 were examined. Numbers of cells with reporter expression in individual embryos are shown
by dots (results from different experiments are shown by different colors for each construct), and
mean values are shown by thick black lines. Wilcoxon rank sum tests were performed using numbers
of cells with reporter expression in individual embryos, and p-values less than 0.01 are shown on the
right by two asterisks; ns, no significant change. (B) The nucleotide sequence of the upstream region
and the region around the transcription start site of LAx3/4. Putative Foxd binding sites identified
using the Patser program and position weight matrices for human FOXD2 (JASPAR database,
MAO0847.1) (Jolma et al., 2013; Sandelin et al., 2004), and Ciona Foxd (Vincentelli et al., 2011), are
underlined and enclosed by cyan boxes, respectively. Sequence logos are presented below. Mutated
nucleotide sequences in the mutant constructs are shown in magenta. (C, D) In situ hybridization to
detect reporter expression in embryos electroporated with (C) a construct containing a mutation in
the Foxd site around nucleotide position —150 and (D) a construct containing mutations in all

putative Foxd binding sites. pFoxd sites, mutated Fox sites.

Figure 2. The affinity of the Foxd binding site upstream of Lhx3/4 is weak. (A) An EMSA
analysis confirming that the identified Foxd binding site binds Foxd in vitro. Quantification of the
shifted bands is shown below. (B) An EMSA assay showing that the Foxd binding site upstream of
Dmrt.a has a higher affinity for Foxd than that upstream of L/x3/4. Various amounts of three
competitors (shown at the top) were added to the reaction. Quantification of the shifted bands is

shown below.
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Figure 3. Identification of nucleotides that affect Foxd affinity by an EMSA assay. (A)
Competitors used in the assay. On the basis of the differences in binding sites and flanking regions,
five blocks were defined. (B) The competitors shown in (A) were added to the reactions of an EMSA

assay. (C) Quantification of the shifted bands shown in (B).

Figure 4. A high affinity site and a low affinity site act as repressing and activating sites,
respectively. (A) Numbers of cells with reporter expression per embryo are shown by dots (results
from different experiments are shown by cyan and magenta), and mean values are shown by thick
black lines. Wilcoxon rank sum tests were performed using numbers of cells with reporter
expression in individual embryos, and p-values were less than 0.01, and are shown on the right by
two black asterisks. Embryos electroporated with the fourth construct showed ectopic reporter
expression in A6.2 cells (shown by arrows). (B—D) In situ hybridization to detect reporter expression
in embryos electroporated with (B) the second construct containing a LDLLL site, (C) the third
construct containing LLLLL and LDLLL sites, and (D) the fourth construct containing two LLLLL

sites. In (D), ectopic expression is shown by an arrowhead.

Figure 5. Foxd binding sites in the upstream sequences of Dix.b and Zic-r.b, which are
negatively and positively regulated by Foxd, respectively. (A) Comparison of Foxd binding sites
in the upstream sequences of Dmrt.a, DIx.b, Zic-r.b, and Lhx3/4. (B) An EMSA assay to examine the
Foxd affinity of binding sites in the upstream sequences of Dix.b and Zic-7.b. (C) Quantification of

the shifted bands shown in (B).

Figure 6. In vivo occupancy of Foxd in the upstream regions of Dmrt.a, Dix.b, Lhx3/4, and Zic-
r.b. The enrichment of genomic regions containing Foxd binding sites was measured by chromatin

immunoprecipitation (ChIP) assays followed by quantitative PCR. The ChIP assay was performed
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using an anti-Gfp antibody and 32-cell embryos electroporated with a construct designed to
express mRNA encoding Gfp-tagged Foxd under the control of the Foxd upstream regulatory
region (Kubo et al., 2010). A genomic region within the Macho-1 locus was used as an internal
reference. Pou2 and Hey were used as negative controls. Two biological replicates were performed

and are represented by different colors.
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