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Abstract
Zic3 regulates early embryonic patterning in vertebrates. Loss of Zic3 function is known to disrupt gastrulation, left-right
patterning, and neurogenesis. However, molecular events downstream of this transcription factor are poorly characterized.
Here we use the zebrafish as a model to study the developmental role of Zic3 in vivo, by applying a combination of two
powerful genomics approaches – ChIP-seq and microarray. Besides confirming direct regulation of previously implicated
Zic3 targets of the Nodal and canonical Wnt pathways, analysis of gastrula stage embryos uncovered a number of novel
candidate target genes, among which were members of the non-canonical Wnt pathway and the neural pre-pattern genes.
A similar analysis in zic3-expressing cells obtained by FACS at segmentation stage revealed a dramatic shift in Zic3 binding
site locations and identified an entirely distinct set of target genes associated with later developmental functions such as
neural development. We demonstrate cis-regulation of several of these target genes by Zic3 using in vivo enhancer assay.
Analysis of Zic3 binding sites revealed a distribution biased towards distal intergenic regions, indicative of a long distance
regulatory mechanism; some of these binding sites are highly conserved during evolution and act as functional enhancers.
This demonstrated that Zic3 regulation of developmental genes is achieved predominantly through long distance
regulatory mechanism and revealed that developmental transitions could be accompanied by dramatic changes in
regulatory landscape.
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However, zic3 is expressed symmetrically along the L-R axis in the
Xenopus embryo and its loss-of-function (LOF) affects structures in
which its expression was not detected [1,12]. Results from several
studies provided clues to the mechanism of L-R patterning by
Zic3. First, Zic3 acts in organizer formation by inhibiting the
canonical Wnt signaling pathway [16]. Second, Zic3 regulates
gastrulation in mouse [1,17]. Furthermore, studies in zebrafish
revealed a correlation between convergence-extension (C-E) and
L-R patterning defects in Zic3 LOF [10]. These suggest that Zic3
may regulate L-R patterning through its role in an earlier
developmental event such as C-E.
Zic3 is one of the earliest TFs expressed in the neuroectoderm
[3,18]. Its expression is regulated by determinants of the early
neural fate specification and dorsal-ventral (D-V) axis formation,
including BMP, FGF, and Nodal signaling [3,17,19,20]. The role
of Zic3 in establishing neural cell fate was demonstrated through
experiments in Xenopus, where its overexpression resulted in the

Introduction
Early embryonic patterning is achieved through a process
involving the determination of body axes and defining which cell
types develop at each coordinate. The Zic family of transcription
factors (TFs) is involved in such process [1–4]. Zic genes are the
vertebrate homologues of the odd-paired gene, which is involved in
the generation of segmental body plan in the Drosophila embryo
[5,6]. Although functions of Zic proteins partially overlap, their
loss-of-function cause distinct phenotypes, suggesting unique roles
in development [7,8].
Of particular interest is ZIC3, which is linked to the heritable
defects of the left-right internal organs placement (situs inversus) in
humans [9]. Studies in animal models reveal the involvement of
Zic3 the establishment of left-right (L-R) asymmetry [1,10–12]. In
Xenopus, Zic3 established left-sided expression of Xnr1 and Pitx2
[12], two determinants of internal organs asymmetry [13–15].
PLOS Genetics | www.plosgenetics.org
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provide novel insights into the molecular mechanism underlying
Zic3 regulation of developmental events during gastrulation and
neural development, which ultimately results in the L-R patterning
and neural fate specification and patterning.

Author Summary
The Zic3 transcription factor regulates early embryonic
patterning, and the loss of its function leads to defects in
left-right body asymmetry. Previous studies have only
identified a small number of Zic3 targets, which renders
the molecular mechanism underlying its activity insufficiently understood. Utilizing two genomics technologies,
next generation sequencing and microarray, we profile the
genome-wide binding sites of Zic3 and identified its target
genes in the developing zebrafish embryo. Our results
show that Zic3 regulates its target genes predominantly
through regulatory elements located far from promoters.
Among the targets of Zic3 are the Nodal and Wnt
pathways known to regulate gastrulation and left-right
body asymmetry, as well as neural pre-pattern genes
regulating proliferation of neural progenitors. Using
enhancer activity assay, we further show that genomic
regions bound by Zic3 function as enhancers. Our study
provides a genome-wide view of the regulatory landscape
of Zic3 and its changes during vertebrate development.

Results
Genome-wide identification of Zic3 binding sites using
ChIP-seq
The earliest zic3 transcript was detected at 3 hpf (Fig. 1A,B),
coinciding with the initiation of zygotic transcription during midblastula transition [29]. At 4 hpf zic3 expression is restricted to
dorsal blastoderm (Fig. 1C,C9), and is subsequently found in the
dorsal neuroectoderm and marginal blastomeres (Fig. 1D, D9). To
capture genome-wide Zic3 binding profile during zebrafish
gastrulation, we performed ChIP-seq analysis at 8 hpf, a time
coinciding with the beginning of neurogenesis [30]. At this time
zic3 is expressed largely in the dorsal neuroectoderm (prospective
neural plate) and blastoderm margin (presumptive mesendoderm;
Fig. 1E,E9; [3]). Hence, the interaction of Zic3 with its targets
could be considered within a context of neural induction and
mesendodermal development. Although neuroectoderm does not
show any obvious morphological organization at this time, its
anteroposterior patterning at the molecular level was shown by
fate mapping studies [31] and in vitro explant assays [32,33]. At 24
hpf zic3 is expressed in the brain and dorsal spinal cord (Fig. 1F,F9).
To identify Zic3 binding sites specifically in zic3-expressing cells,
we performed ChIP-seq using sorted cells from transgenic line
SqET33 [28,34] at this stage. Since gfp expression in this line
faithfully recapitulates zic3 expression (Fig. 1G–H0), we considered
GFP-positive cells as zic3-expressing cells and GFP-negative cells
as non- zic3-expressing cells. However, it is worth to note that in
SqET33 line at least one zic3-positive domain (presomitic
mesoderm) does not express GFP. This suggests that a small
fraction of non-neuronal zic3-expressing cells may be present in
the GFP-negative pool of cells.
Sequencing of the 8 hpf ChIP sample generated 23,945,552
reads (11,037,221 or 46% were mapped to the zebrafish genome);
the 24 hpf ChIP sample generated 23,083,504 reads (11,797,011
or 51% were mapped). We identified 3209 and 2088 Zic3 binding
sites (hereafter referred to as peaks) with high significance value at
8 hpf (Table S13) and 24 hpf (Table S14), respectively.
Interestingly, both datasets showed that only a small fraction
(8.6% at 8 hpf and 4% at 24 hpf) of the peaks mapped to promoter
regions (within 5 kb of transcription start site, TSS), while the rest
were aligned to intragenic (26.8% at 8 hpf and 29% at 24 hpf) and
intergenic (64.6% at 8 hpf and 67% at 24 hpf) regions (Fig. 2A).
This suggested that Zic3 mainly acts via distal regulatory elements.
To validate the ChIP-seq performance, we carried out quantitative
PCR (qPCR) on randomly selected peaks from the 8 hpf dataset,
five within promoter region and sixteen at regions outside of gene
promoters. Taking a fold-change of 2 as a cutoff for positive
enrichment, the qPCR analysis validated all but one peak tested
(Table S1).
To determine the biological relevance of our data, we used the
gene association rule ‘basal plus 100 kb extension’ according to
GREAT algorithm [35] (Fig. 2B). Using this criterion, the number
of peaks associated with either none, one, or two genes were evenly
distributed in both 8 hpf and 24 hpf datasets (Fig. 2C). Distribution
of the peaks relative to the TSS of genes associated with them
showed strong bias towards regions beyond 5 kb of the TSS
(Fig. 2D). In agreement with known Zic3 functions at 8 hpf
[10,16,18,36] functional categories enriched were embryonic
morphogenesis, gastrulation, and dorsal/ventral pattern formation

expansion of the neuroectoderm and induction of neural and
neural crest markers [18]. This led to the assumption that Zic3
activates the expression of proneural genes such as Achaete-scute
homologs, Neurogenin, and NeuroD [2]. However, Zic3 lacks the
ability to induce ectopic neuronal differentiation in the epidermis
[18], which suggested the complex interaction between Zic3 and
the proneural genes.
Increasing evidence has established the presence of longdistance interactions between TFs and their target genes [21–
24]. This feature is especially true for TFs regulating specific
functions outside of the core transcription machinery [25–27].
Therefore, an unbiased evaluation of binding sites throughout the
whole genome would be a more comprehensive and biologically
relevant method in the context of a developing organism.
However, genomic approaches to study TFs in vivo are often
limited by the quantity of available tissue sample. Furthermore, in
mammalian systems, this problem is exacerbated by the short
supply of embryos at early developmental stages. The zebrafish,
with its unlimited supply of embryos and external development,
substitutes for the inconveniences of a mammalian system. Its
genome annotation is also the most complete among nonmammalian vertebrates and the expression of many genes are
well-defined. This makes the zebrafish a robust model system for
functional studies of vertebrate development.
To understand the developmental role of Zic3, we applied a
genomic approach to identify genes directly regulated by Zic3. To
capture genome-wide binding sites of Zic3, chromatin fragments
bound by Zic3 were immunoprecipitated from gastrulating
embryos at 8 hpf and zic3 expressing cells were sorted from
transgenics [21,28] at 24 hpf and sequenced in-depth using ChIPseq methodology. This provided unbiased coverage of Zic3
binding events during the period of gastrulation and segmentation.
We used microarray expression profiling to characterize changes
at the transcription level as a result of Zic3 LOF during
gastrulation. In addition, we compared gene expression profiles
of zic3-positive and -negative cells at 24 hpf to identify genes coexpressed with zic3. Combining binding site analysis and
expression data, we demonstrated that Nodal and Wnt pathways
are the main downstream targets of Zic3 during gastrulation, and
show distinct pathways regulated by Zic3 in the dorsal neural tube
at the end of segmentation. Finally, in vivo enhancer assay validated
selected binding sites as developmental enhancers. Our results
PLOS Genetics | www.plosgenetics.org
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Figure 1. Early expression of zic3 as detected by RNA-seq and RT-PCR. A, UCSC browser image showing RNA-seq reads (pink vertical
histograms) at the zic3 locus (in blue; tall boxes - exons; half-height boxes - UTRs; lines - introns; arrowheads - direction of transcription). B, RT-PCR
detection of zic3 transcripts in zebrafish embryo. Portion of image showing expression at 1 hpf to 3 hpf was enhanced to show weak band at 3 hpf. C,
D and E, zic3 expression in 4 hpf, 6 hpf, and 8 hpf embryos. Lateral view, dorsal to the right. C9, D9 and E9, animal pole view. F, G, zic3 expression in
wild-type and gfp in SqET33 embryos at 24 hpf. F9, G9, dorsal view. Note the absence of gfp expression from the olfactory bulb and presomitic
mesoderm domains of the wild-type zic3 expression (arrows). H–H0, GFP expression in live SqET33 embryos at 24 hpf. H, dorsal view, H9, frontal view,
H0, lateral view.
doi:10.1371/journal.pgen.1003852.g001

(2835 genes, Fig. 2F; Table S2). Enrichment was also observed for
neural tissue-specific genes, predominantly expressed in the
neuroectoderm at 8 hpf (Fig. 2G). In contrast, at 24 hpf, different
categories were enriched (neural crest development and migration,
nervous system development; Fig. 2H,I) in agreement with these
events of neurodevelopment taking place at this stage [18,37].
To identify the common regions bound by Zic3 as well as those
unique to either developmental stage, we overlapped the 8 hpf and
24 hpf peaks (Fig. 2E). Taking the combined list of peaks from 8
hpf and 24 hpf, we performed clustering using ChIP-seq signals
around the peaks. We found 937 regions bound by Zic3 at both
stages (class I), 2729 regions bound only at 8 hpf (class II), and
1630 regions only at 24 hpf (class III). A clear distinction of
functional categories was observed among genes associated with
each individual class (Fig. S2), which reflect the shift of Zic3
function from regulating gastrulation at 8 hpf, to directing
neurodevelopment at 24 hpf.
PLOS Genetics | www.plosgenetics.org

Identification of Zic3 consensus binding motif
To identify the consensus motif in Zic3-binding sites, we
performed de novo motif search using sequences within 50 bp (total
length 100 bp) of the top 1000 peaks summit. The highest scoring
motif in both datasets consisted of a CAGCAG core (Fig. 3A) and
was similar to that previously identified in mouse ES cells using
ChIP-chip [38] (Fig. S3A) and Zic3 motif in UniPROBE database
[39]. This motif occurred in 48.5% (1556/3209) of 8 hpf peaks
and 54.3% (1134/2088) of 24 hpf peaks (Fig. 3B). This consensus
motif was bound in a dose-dependent manner by a recombinant
protein encompassing the Zic3 DNA binding domain (Zic3_ZF25; Fig. 3C). This binding was reduced upon introducing threepoint mutations to the motif, confirming binding specificity. The
mouse Zic3 recombinant protein mZic3-DBD-HisMBP [38] also
recognized the consensus motif derived from the zebrafish genome
(Fig. S3B), demonstrating cross-species conservation of Zic3
consensus motif. On the other hand, two other motifs enriched
3
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Figure 2. Distribution of Zic3 peaks as identified in ChIP-seq experiments according to GREAT algorithm. A, distribution of peaks
located in promoter (within 5 kb upstream of TSS), intragenic, and intergenic regions. B, gene association rule of ‘basal plus 100 kb’ according to
GREAT algorithm. C, percentage of peaks associated with none, one, or two genes based on the gene association rule in B. D, number of peaks
present in each distance categories along the x-axis, with regards to TSS of associated gene. E, region map showing overlap between genomic
locations of peaks in 8 hpf and 24 hpf datasets. F–I, list of biological processes and tissue specific expression terms enriched among Zic3-associated
genes at 8 hpf (F, G) and 24 hpf (H, I) according to DAVID GO terms. Light and dark grey bars represent the expected and observed enrichments of
functional categories indicated along the y-axis.
doi:10.1371/journal.pgen.1003852.g002

These phenotypes were rescued by co-injection with Zic3 mRNA
which, when injected alone, had little effect (Fig. 4B). This
confirmed the specificity of the phenotypes caused by Zic3 MO
injection.
We identified 1316 genes differentially expressed in MO
injected embryos (morphants, fold change .1.2; p#0.05; Table
S3). GO analysis revealed prominent enrichment in functions
related to embryonic morphogenesis (Table S4). When the same
or higher dose of MO (3.4 ng) was injected, the expression of
several representative genes showed similar trend when measured
by qPCR. This validated a possibility of their regulation by Zic3
(Fig. 4C; Table S7). We then determined the presence of Zic3
binding peaks within 100 kb of the TSS of these differentially
expressed genes, which we defined as a selection criterion for Zic3
target gene. Based on this selection, 454 genes out of the total 1316
were identified as putative targets of Zic3 (Table S5 and Table S6).
This set contains genes of the Nodal signaling pathway such as oep,
lft1 and pitx2 (Fig. 5). While the presence of Zic3 binding in
association with oep suggests direct regulation of Nodal pathway,
the association of Zic3 peaks with lft1 and pitx2 suggests that Zic3
could also regulate the pathway through its modulators [42,43].
These three genes, along with other members of this pathway not
associated with Zic3 peaks (foxh1, bon, and gsc), were concurrently

in the dataset to a lesser extent were not specifically recognized by
Zic3_ZF2-5 recombinant protein (Fig. S3C). Enrichment of these
motifs among the identified peaks might signify an indirect binding
of Zic3 to these sequences through interaction with other TFs.
Interestingly, Gli motif was found in both 8 hpf and 24 hpf
datasets (273 peaks, 8.5% in 8 hpf; 203 peaks, 9.7% in 24 hpf;
Fig. 3B). More than half of peaks containing Gli motifs also had an
adjacent consensus Zic3 motif at both developmental stages, in
support of interactions between Gli and Zic3 [40,41].

Zic3 regulates target genes involved in early
development
To identify Zic3 target genes during gastrulation and early
neural development, we profiled the transcriptome of 8 hpf
embryos after Zic3 morpholino (MO)-mediated knockdown.
Embryos injected with the same MO dosage as in Cast et al.
[10] exhibited similar gastrulation and convergent extension (C-E)
defects (data not shown). However, to minimize the detection of
non-direct targets in microarray, we injected the embryos with a
lower dose of MO (1.7 ng in our experiments versus 7.5 ng in
[10]) which did not cause visible morphological defects during
gastrulation (refer to Methods section), but affected heart laterality
and caused curvature of the A-P axis at later stages (Fig. 4A).
PLOS Genetics | www.plosgenetics.org
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Figure 3. Zic3 binds specifically to its canonical motif. A, Zic3 consensus motif identified through interrogation of the top 1000 ChIP-seq peaks
according to its statistical significance. B, pie-chart showing the frequency of occurrence of the most common binding motif and the Gli motif. C,
EMSA with Zic3 canonical motif probe (left panel) and a mutated sequence probe (right panel) demonstrated the specificity of Zic3 binding to its

PLOS Genetics | www.plosgenetics.org
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consensus motif. Cy-5 labeled probes containing consensus and mutated motifs were incubated with increasing concentrations (yellow triangle) of
Zic3 recombinant protein (Zic3_ZF2-5). A positive shift is indicated by a decrease in mobility (red arrowheads).
doi:10.1371/journal.pgen.1003852.g003

upregulated in Zic3 morphants (Fig. 4C; Table S3) suggesting
negative regulation of the Nodal pathway by Zic3. Inhibition of
Nodal signaling indicates suppression of endodermal fate [15,44–
46]. This correlated with broader expression of endodermal
marker sox17a in 8 hpf Zic3 morphants (Fig. S4A). The inhibition
of endodermal development by Zic3 is in line with previous
observation in murine ES cells [38]. Similarly, peaks were
associated with three genes of the canonical Wnt signaling
pathway: axin1, jun, and vent (Table S5). In support of this
association, microarray analysis revealed that the negative
regulator of canonical Wnt pathway axin1 was downregulated in
Zic3 morphants, while the downstream components jun and vent
were upregulated (Fig. 5; Table S3). The expression of some other
members of this pathway (axin2 and nlk1) without association with
peaks has changed in Zic3 morphants based on microarray data.
This implied that such genes could be the indirect targets of Zic3.
Such observation provided further support for Zic3 regulation of
the canonical Wnt pathway. The inhibition of canonical Wnt
signaling by Zic3 was previously reported in frogs as a mechanism
for organizer development [16]. Interestingly, Zic3 LOF only
affected downstream components of these signaling pathways, and
not the ligands, suggesting that at 8 hpf Zic3 is more likely to
modulate the response to Wnt signaling in the target cells rather
than initiation of signaling.
Apart from genes previously implicated as targets of Zic3, the
combined ChIP-seq and microarray screen also identified novel
candidates. Zic3 peaks were found in association with genes
known to regulate cell proliferation in the neural plate, dlx4b and
msxe [47,48]. These genes perform a function [49,50] similar to
that of msxc, irx1a, and irx7, which do not have associated peaks but
were nevertheless downregulated in Zic3 morphant (Table S3; S7).
This observation suggests the role of Zic3 in promoting
proliferation of neural progenitors at 8 hpf. Since these genes
are known to inhibit neural differentiation, we assayed the
expression of proneural gene neurog1 [51] in Zic3 morphants at
10 hpf. As expected, neurog1 was upregulated, in concert with the
downregulation of her9 (Fig. 4C; Table S7), which provided further
support for Zic3 role as a promoter of proliferation of neural
progenitors and repressor of neural differentiation.
More interestingly, the novel candidate targets include members
of the non-canonical Wnt signaling pathway (dvl2, rock2b and invs).
These genes were co-expressed with zic3 during gastrulation (Fig.
S5A, B) and were downregulated in the microarray (Table S3;
Fig. 4C). One of the non-canonical Wnt pathways, the planar cell
polarity (PCP), regulates convergence-extension (C-E) [52] and
controls the positioning of the motile cilia [53]. The changes in
expression of sox17, ntl, pax3a and sox19a mark correspondingly,
endoderm, mesoderm, neural crest and neural plate. The
broadening of their expression domains suggested that in Zic3
morphants C-E is affected (Fig. S4B–D, [10]). On the other hand,
the disorganized expression of foxj1a and sox17a in the dorsal
forerunner cells at an earlier stage indicated abnormalities of their
migration in Zic3 morphants (Fig. S6), which may lead to
abnormalities in L-R patterning. A correlation between C-E
defects and L-R defects in Zic3 morphant was reported [14],
suggesting Zic3 regulation of these events through the noncanonical Wnt pathway.
Several genes implicated in cell migration and polarity were
among the targets. These include npy [54], ptenb [55], sepn1, srsf1a
PLOS Genetics | www.plosgenetics.org

[56], and sparc [57,58], all of which were downregulated in
microarray and associated with peaks. WISH analysis showed that
their expression overlap that of zic3 (Fig. S5C; ZFIN; University of
Oregon, Eugene, OR 97403-5274; URL: http://zfin.org/; 21
June 2013). In addition, other genes with similar function, such as
ccdc88a (probe generated from BC057440 which correspond to the
annotated ccdc88a sequence) [59,60] and tsg101 [58], were also
downregulated in the microarray despite not having associated
peaks. Hence the direct and indirect regulation of these genes by
Zic3 could be the mechanism behind cell movements during
gastrulation.

Zic3 regulates a distinct set of target genes and
developmental processes at 24 hpf
To identify potential zic3 targets during late neurogenesis, we
performed microarray expression analysis on 24 hpf GFP-positive
zic3 expressing cells that were FACS-sorted (Table S8). Comparing expression levels to a control dataset derived from GFPnegative cells (cells negative for zic3 expression), we identified
genes enriched in GFP-positive cells (zic3-expressing cells). A total
of 689 genes (p-value,0.05; fold change $1.5) were enriched in
zic3-expressing cells (zic3-coexpressed genes). Among these genes
were six members of the Zic family and other genes expressed in
the dorsal neural tube. This confirmed the identity of the sorted
cells as dorsal neural cells. Among the zic3-coexpressed genes, 167
had at least one peak within 100 kb of their TSS, rendering them
putative Zic3 targets (Table S10). Similar to the 8 hpf stage,
members of the Wnt pathway were also among the targets.
However, Zic3 seems to regulate a different set of Wnt
components, including wnt11r and lef1 (Fig. 6, Table S8). qRTPCR revealed that wnt11r, were down-regulated in Zic3
morphants at 24 hpf (Fig. 4C; Table S7), confirming their positive
regulation by Zic3. Two other genes encoding Wnt ligands, wnt10a
and wnt10b, were co-expressed with zic3, and regulated upon Zic3
knockdown (Table S7; Fig. 4C) although they were not associated
with peaks in ChIP-seq, suggesting that they may be indirect
targets of Zic3. A striking difference between 8 hpf and 24 hpf
regulatory landscape is apparent from the distinct functions
associated with Zic3 target genes at each stage. For example,
many genes regulating cell migration and polarity were identified
as Zic3 targets at 8 hpf, whereas at 24 hpf neural crest
determinants were found. The latter included foxd3, and pax3a
which were further confirmed to be responsive to Zic3 knockdown
(Fig. 4C, Table S7, S11).
On the other hand, in zic3-negative cells, 835 genes were
enriched by at least 2-fold (non zic3-coexpressed genes enriched
for endoderm and mesoderm-specific expression terms, Table S9).
Among these, 195 had peaks within 100 kb of their TSS,
suggesting repression of these genes in cells expressing zic3 (Table
S10). Several proneural genes (neurod, neurod4, ascl1a) were found
under this category, which may reflect that the zic3-expressing cells
in the dorsal neural tube are not differentiating. Interestingly, the
presence of a Zic3 peak in association with oep suggests that a
similar inhibition of Nodal by Zic3 occurs at both 8 hpf and 24 hpf
(Fig. 6).
Taken together, an entirely different set of candidate Zic3 target
genes were found at 24 hpf compared to 8 hpf (Fig. 6). Although
similar signaling pathways, such as the Wnt and Nodal pathways,
were regulated by Zic3 at both developmental stages, different
6
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Figure 4. Zebrafish phenotype as a result of Zic3 knock-down. A, MF-20 antibody staining of heart, showing normal, bilateral, and reversal of
looping at 48 hpf. Curvature of body axis and edema of the heart in Zic3 morphants at 96 hpf. B, percentage of embryos with heart laterality and axis
curvature defects observed at 48 hpf in embryos injected with Zic3 MO alone, Zic3 MO and Zic3 mRNA, and Zic3 mRNA alone. C, expression levels of
selected marker genes measured by qRT-PCR. Assay was performed in three independent groups of embryos injected with 3.4 ng of Zic3
morpholino. Marker genes oep through invs was assayed at 8 hpf, neurog1 at 10 hpf, and pax3 through her9 at 24 hpf.
doi:10.1371/journal.pgen.1003852.g004

members of these pathways were targeted by this regulation at
each stage. Furthermore, the global shift in Zic3 binding sites from
8 hpf to 24 hpf suggested the presence of complex regulatory
changes accompanying developmental transitions.

June 2013), but none of these were co-expressed with zic3 at 8 hpf,
while only 6 (lppr3a, p2rx3b, lingo1b, myo15aa, robo4, gng3) had
expression overlapping with zic3 at 24 hpf (not shown).
To test whether peaks associated with distal genes function as
regulatory elements, we used the enhancer activity reporter assay
[61]. We chose five distal peaks associated with genes from Nodal
and Wnt signaling pathways, including oep (fragment 10-02,
94.7 kb downstream from TSS), axin1 (fragment 3-43, 71.53 kb
downstream), lft1 (fragment 20-35, 29.77 kb downstream), dvl2
(fragment 7-214, 55.92 kb downstream), and invs (fragment 16297, 78.08 kb downstream). A canonical Zic3 motif was present
within 100 bp of each peak summit except for fragment 10-02.
Only fragment 16-297, associated with invs, showed enhancer
activity (Fig. 7B,C,G; Table S12). When the association region was
extended to 500 kb, we found more peaks associated with dvl2
(fragment 7-211, 236.6 kb upstream), axin2 (fragment 3-56,
147.9 kb upstream), and pitx2 (fragment 14-37, 180.32 kb
upstream). These peaks had at least one canonical Zic3 motif

Zic3 preferentially binds to distal regulatory elements
and regulates developmental genes
The large number of Zic3 binding sites in the distant intergenic
regions suggested that Zic3 may direct the expression of target
genes by binding to the distal regulatory elements. In support of
this idea, relevant biological categories could be observed among
genes associated with peaks located outside of their basal regions of
25 kb to +1 kb of TSS (2716 genes; Table S2; Fig. S7A) or at a
distance more than 50 kb (989 genes; Table S2; Fig. S7B). In
contrast, no particular enrichment of GO categories could be
observed for 119 genes associated with peaks in their basal region
(Table S2). Of these, 77 had expression data in ZFIN (University
of Oregon, Eugene, OR 97403-5274; URL: http://zfin.org/; 21

Figure 5. Zic3-regulated genes in the Nodal and Wnt signaling pathways. Schematic diagram of the Nodal/TGF-b and Wnt signaling
pathways generated by the Ingenuity Pathway Analysis Software. Genes differentially regulated by Zic3 are shown in colour – red for upregulation
and green for downregulation of their expression patterns in the microarray data.
doi:10.1371/journal.pgen.1003852.g005
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Figure 6. Candidate target genes regulated by Zic3 at 8 hpf and 24 hpf developmental stages. Target genes are grouped based on their
signaling pathway or functions. Changes in expression in microarray are represented by red and green backgrounds for up- and down-regulation
respectively.
doi:10.1371/journal.pgen.1003852.g006

and exhibited positive enhancer activity (Fig. 7, Table S5, S12).
Intriguingly, some of the expression patterns driven by the tested
enhancers only partially matched that of the associated genes
(fragments 14-37 and 3-56; Fig. 7D,E), which could be due to
functional dependence on interaction of multiple regulatory
elements [62,63]. Nevertheless, the presence of Zic3-binding sites
with an enhancer activity near genes responding to Zic3 LOF
suggested that these genes were direct targets of Zic3.
To validate the activation of the enhancer fragments by Zic3,
we co-injected fragment 7-211, which drove the strongest reporter
gene expression at 8 hpf and 24 hpf (Fig. 7C), and Zic3 MO into
the zebrafish embryo. When assayed by qRT-PCR at 8 hpf, a
significant decrease in reporter expression in a MO dosedependent matter was observed (Fig. S8). No reduction in reporter
expression was observed when control MO was used. A similar
result was obtained when two other fragments, 4-16 and 17-24
which coincided with CNEs (Tables 1, S12), were tested (Fig. S8),
demonstrating Zic3-dependent induction of reporter expression
through these fragments.

conserved non-coding elements (CNEs; ANCORA database)
[64].We identified 228 peaks as CNEs conserved between
zebrafish and Tetraodon, and 56 as CNEs conserved between
zebrafish and humans (Fig. 8A), with 31 in common between the
two groups. Similar to the distribution profile of the full set of
peaks, these CNE peaks were mostly located outside of the basal
promoter region (Fig. 8B). Genes associated with these CNEs were
enriched for developmental functions and neural tissue-specific
expression (Fig. 8C,D; Table S2).
Of 15 CNE peaks tested for enhancer activity, 11 (73%) drove
gfp expression at either 8 hpf or 24 hpf, or both (Table 1). Of
these eleven, eight drove higher gfp expression compared to the
reporter vector alone at 8 hpf (fold change at least 1.5 compared
to enhancer-less vector). Of these eight, four continuously drove
reproducible tissue-specific gfp expression in various regions of
the CNS up to 24 hpf (Fig. 8E–H), which overlapped with
known expression domains of zic3 (Fig. 1F). Another three CNE
peaks drove reporter expression only at 24 hpf. The CNE peaks
with enhancer activity included the fragments 4-16 and 20-4,
which drove expression in the brain, eye and trunk. In the
hindbrain, both drove similar expression in neuroepithelial cells
with radial morphology. In the trunk, activity of 4-16 was
detected in muscle cells, whereas that of 20-4 was largely

Conserved Zic3 binding sites act as enhancers
To study whether Zic3 binding sites were evolutionarily
conserved, we overlapped the 8 hpf dataset with a list of known
PLOS Genetics | www.plosgenetics.org
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Figure 7. Zic3 binding sites associated with genes from the Nodal and Wnt pathway genes. UCSC browser image depicting genomic
locations of Zic3 peaks identified near Nodal (A) and Wnt (B) pathway genes at 8 hpf. Single black vertical bars below histogram - peaks called by
QuEST algorithm, blue horizontal bars - annotated exons (tall boxes), UTRs (half-sized boxes), introns (lines, arrowheads denote transcript orientation);
Zic3 binding sites with negative (red arrows) and positive (green arrows) enhancer activity. Scale bars are indicated by black horizontal line at the top
of each panel. C, list of tested fragments associated with Nodal and Wnt pathway genes. Enhancer-driven expression was assayed by qRT-PCR of gfp
at 8 hpf and through microscopic observation of GFP expression pattern at 24 hpf. Between 50 to 100 embryos were assayed in each experimental
time point. D–G, representative figure of gfp expression driven by selected fragments of Zic3 binding sites in F0 embryos at 24 hpf, immunostained
with anti-GFP antibody. D*, F*, dorsal view; E*, G*, lateral view.
doi:10.1371/journal.pgen.1003852.g007

confined to the neural tube (Fig. 8E,F). The gfp expression
pattern driven by 4-16 partially recapitulated that of a nearby
gene, sox5. On the other hand, 20-4 was located in a gene desert
region, suggesting long distance regulation. Fragment 15-26
drove gfp expression largely in cells along the neural tube
(Fig. 8G), which partially recapitulated the expression of tbx2b
nearby. Fragment 1-22 drove gfp expression mainly in the
hindbrain region (Fig. 8H), which partially recapitulated that of
the nearby mab21l2.
On the other hand, out of 12 non-CNE peaks tested only two
(17%) drove higher gfp expression than the reporter vector alone at
8 hpf (Table 1). Together with the fragments corresponding to
peaks associated with microarray-identified genes, out of 35
fragments tested for activity as enhancers, 17 (49%) were positive.
Two thirds of the active peaks were previously identified as CNEs.
PLOS Genetics | www.plosgenetics.org

Whereas this indicated somewhat better chance of finding
enhancers amongst CNEs, it also suggested that a significant
number of enhancers are not conserved in evolution.

Discussion
The majority of Zic3 binding sites were found outside promoter
regions. While this could be partially attributed to the incomplete
annotation of promoter regions in the zebrafish genome, the
predominantly distal distribution of Zic3-binding sites revealed
that Zic3 regulates transcription largely via distal regulatory
elements. Such distribution of binding sites was previously
observed in other genome-wide analyses of several TFs in cell
culture or mammalian tissues [21,22,25,65]. Our findings
therefore establish that a similar distal regulatory mechanism is
10
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Table 1. List of CNE and non-CNE fragments tested using in vivo enhancer assay.

name

Location

Flanking genes (within 100 kb)

chr

start

end

13-29

chr13

29550477

29550578

17-24

chr17

24095622

15-26

chr15

26812885

7-28

chr7

4-16
13-16

Enhancer activity
8 hpf (fold, qPCR)

24 hpf (%)

zgc:153142, unc5b, chat

1.88

29.69

24095712

otx1b

1.42

34.48

26812985

brip, tbx4, tbx2b

2.07

42.31

28533221

28533276

sox6

1.16

21.74

chr4

16204706

16204764

sox5, casc1, bcat1

0.91

0

chr13

16987933

16987979

c10orf11

1.66

45.16

20-4

chr20

4566963

4567026

-

1.1

0

23-29

chr23

29550522

29550546

tardbp1, sst6, pgd, kif1b

1.87

16.28

8-34

chr8

34893735

34893847

pbx3b

2.62

53.42

CNEs

21-14

chr21

14240602

14240635

zgc:101080, zgc:183801, lhx5

4.99

0

1-22

chr1

22884044

22884087

mab21l2

1.55

0

17-33

chr17

33138334

33138419

prox1, smyd2a

1.41

68

9-32

chr9

32394294

32394354

zic5, zic2a

2.04

7.69

25-15

chr25

15101126

15101143

dnajc24, mpped2

1.16

6.56

19-42

chr19

42355789

42355849

shfm1, dlx6a, dlx5a

1.26

0

12-6

chr12

6034509

6034630

dlx4b, zgc:163073, ghrhr2, dlx3b

1.89

0

16-296

chr16

29652564

29652690

invs, tex10, erp44

0.79

0

Non-CNEs

17-245

chr17

24570163

24570239

fam54b, sepn1, spdya

16-34

chr16

34391029

34391168

prpf31, leng1, cnot3a, mboat7, zgc:92763

3.01

0

20-33

chr20

33776501

33776557

hen1, fam102bb, zgc:110463, rock2b

1.06

17-25

chr17

25263319

25263482

zgc:165525, srrm1, clic4, zgc:154055, lck

0.89

0

18-19

chr18

19527760

19527861

sma3b, aagab, iqch, LOC564395

0.71

0

6-28

chr6

28633320

28633360

tp63, tomm70a, tbc1d23, glmnb, gfi1.2

1.44

23-7

chr23

7756857

7756924

pofut1, kif3b, plag12

14-09

chr14

95269

95403

zgc:158483, otop1, nkx3.2, zgc:110421,

1.17

0

7-212

chr7

21241201

21241282

zgc:153917, zgc:114045, zgc:64136, prox1b

0.8

0

3-42

chr3

42787879

42787947

litaf, snn, zc3h7a, zgc:92162

1.49

0

0

0
0

Enhancer activity at 8 hpf was assayed by qRT-PCR of gfp transcript. Enhancer activity at 24 hpf was determined through observation of GFP expression by
immunohistochemistry staining. A positive enhancer activity is defined as either a positive enrichment (at least 1.5 fold by qRT-PCR) of gfp expression at 8 hpf or a
consistent expression pattern other than the background cFos expression (in the muscle and blood cells) in at least 10% of injected embryos at 24 hpf. Typically, 50 to
100 injected embryos were assayed in each experimental time point.
doi:10.1371/journal.pgen.1003852.t001

other TFs in the zebrafish would provide a better understanding of
the extent of conservation in regulatory regions in teleosts.
Cell culture studies have demonstrated interactions between
multiple enhancer elements in regulating the transcription of a
target gene [24,62,63,76,77], as well as interactions between a
TF and different binding partners which can result in alternative
transcriptional outputs [26,78,79]. Our results provide an insight
of such complexity of transcriptional regulation by Zic3 in
developmental context in vivo. For instance, the concurrent
upregulation and downregulation of different subsets of direct
target genes by Zic3 suggest that Zic3 binding can result in either
activation or repression of target genes, and implies that
additional mechanisms determine these two outcomes. Another
facet of the data revealed distinct Zic3 binding profiles at 8 hpf
and 24 hpf. The genes associated with binding events at these
two stages showed relevant functional enrichments. This shift in
binding was not dictated by a change in DNA recognition motif

in effect within the context of Zic3 function during development
in vivo.
Some of the Zic3 binding sites overlapped with CNEs, most of
which drove expression in neural tissues. CNEs are known to
regulate developmental genes [66–69]. However, in our dataset
CNEs represented only 5% of the total Zic3 binding sites
identified, while the majority was under weak evolutionary
constraint. Tissue-specific enhancers have been shown to differ
in the extent of evolutionary conservation of their sequence
[70,71]. Having only 5% overlap with CNEs, the set of Zic3binding sites showed a similar trend. The lack of sequence
conservation could be explained by the relaxation of selection
pressure towards regulatory elements [72] owing to the genome
duplication event in teleosts [73–75]. Given that at least for now
the data available in zebrafish and mammals suggest that only a
minority of sites are conserved in both classes of animals, other
explanations should be considered. Detailed characterizations of

PLOS Genetics | www.plosgenetics.org
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Figure 8. Zic3 regulates neural-specific expression through CNEs. A, number of CNEs found among the Zic3 peaks. A large subset was
conserved between zebrafish and Tetraodon, while a smaller subset was conserved between zebrafish and human. B, distribution of CNE peaks with
regards to their distance from TSS of genes. Enrichment of biological process (C) and tissue-specific expression (D) terms among genes associated
with CNE peaks. Light and dark grey bars represent expected and observed enrichments of functional categories according to DAVID GO terms. E–H,
representative figure of 24 hpf F0 embryos expressing gfp (left panel) driven by Zic3 CNE peaks shown in UCSC browser image (right panel, green
arrows); black horizontal line at the top of each panel represents 100 kb. E*, H*, dorsal view; F*, G*, lateral view.
doi:10.1371/journal.pgen.1003852.g008
PLOS Genetics | www.plosgenetics.org
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signaling (either directly or indirectly) which is implicated in
mesendodermal specification [15,44–46]. Similarly, Lim and
colleagues [38] observed that murine ES cells acquired endodermal fate upon Zic3 knockdown, which supported an idea that Zic3
acts as an inhibitor of endodermal fate. Coincidentally, Nodal and
Wnt signaling is known to regulate gastrulation [91–94]. Their
regulation by Zic3 therefore may account for the gastrulation
defect observed in Zic3 morphants. On the other hand, proper
midline development during gastrulation is essential for proper LR patterning [15,95,96]. Therefore, an involvement of Zic3 in
regulating gastrulation through Nodal and canonical Wnt per se
could have been sufficient to ensure a proper L-R asymmetry.
However, our results suggested that Zic3 may also regulate the
non-canonical Wnt (PCP) signaling pathway which is implicated in
ciliogenesis. Interaction of these signaling pathways culminates in
the establishment of a proper embryonic L-R axis [97–102].
Therefore, we could not rule out the possibility of direct
involvement of Zic3 in later events specific to L-R patterning. In
this context, it is noteworthy that mkks was also found as one of the
Zic3 targets (Table S5) which is implicated in both L-R patterning
and C-E movements during gastrulation through interaction with
vangl2 [103–106]. Therefore, the regulation of non-canonical Wnt
signaling by Zic3 could be at a core of developmental events
linking C-E movement and L-R patterning [10].
Our finding that Zic3 regulates genes implicated in proliferation
of neural progenitors agrees with the idea that Zic3 has properties
of a stem cell factor [38,80]. A mode of Zic3 regulation of genes
responsible for the proliferation of neural progenitors reconciles
the role of Zic3 in both early neuroectodermal specification and
later events of neurogenesis. In essence, it establishes a particular
role of Zic3 (and possibly other Zic family members) as an
important regulator of proliferation of neural progenitors [7]. This
model challenges previous assumptions that Zic3 induces the
expression of proneural genes shown in overexpression studies
[18], and suggests that an activation of proneural genes could be a
downstream consequence of Zic3 regulation of proliferation of
neural progenitor at an earlier stage of neurodevelopment. Given
that neurog1 expression was upregulated upon Zic3 knockdown,
and Zic3 binding sites were found near neurog1, as well as other
proneural genes such as neurod4 and ncam1a, Zic3 may have an
additional direct role in neural differentiation as its inhibitor. This
possibility is also supported by the downregulation of her9. This
places Zic3 within a regulatory landscape of Notch signaling in
support of an early hypothesis based on functional analysis of Zic1
[107].

as almost identical dominant motifs were identified in both
stages.
The combinatorial analysis of ChIP-seq and microarray
datasets revealed an entirely distinct set of candidate Zic3 target
genes at 8 hpf and 24 hpf. Whereas not totally unexpected, this
analysis revealed some surprises. First, a developmental switch
towards regulation of different members within the same signaling
pathway was detected. In the context of Wnt signaling this shifted
Zic3 impact from the intracellular part of Wnt signaling towards
extracellular ligands in this pathway. Second, that cells expressing
Zic3 show a reduced level of transcription of proneural genes
placed an impact of Zic3 on cells that are in a state either before or
after neural differentiation. Zic3 has been linked with pluripotency
of stem cells in mammals [80]. Whereas it is less likely that Zic3
positively regulates the proneural genes at 24 hpf, at the same time
this does not exclude a possibility that it could be involved in this
process (as suggested [2]) during earlier stages. Taken together,
these observations suggest that functional relationship between
Zic3 and its target gene could not be deduced from a simple oneto-one interaction model. Factors, such as the presence of different
subsets of interacting partners or accessibility of certain binding
sites as dictated by chromatin states, in different spatiotemporal
contexts may affect transcriptional output.
One implication of an interactive regulatory landscape is that
genes targeted by a particular TF may not be determined by
simply observing binding of the TF near its genomic locus.
Additional proof, such as responsiveness of the particular target
gene to LOF of the TF, would be necessary. In our data, there is a
surplus of Zic3 binding events compared to those associated with
responsive target genes. Widespread binding of TFs exceeding
their known target genes have been reported in cell culture and in
Drosophila [81–87] and is suggestive of non-functional binding.
This may happen due to interaction of TFs with randomly
occurring target sequences in the genome [78,88]. The availability
of expression data helps to identify candidate target genes within
the vicinity of a TF binding event by providing additional
functional cues. Nevertheless, given that TF-target genes interactions could occur over long distances [22,89,90], it is still possible
that seemingly isolated Zic3 binding events with no responsive
genes within a set distance criteria might actually be regulating a
target located further away. Until a more detailed understanding
of the architecture of genome-wide interactions have been
achieved, this possibility could not be ruled out.
The highly interconnected TF regulatory network also necessitates a careful interpretation of enhancer function by reporter
assays: while such assays can be useful to identify independently
acting regulatory elements, evidence exists for regulatory elements
acting in tandem, resulting in higher transcriptional output
[24,62,63,76,77]. While other possibilities such as non-functional
occupancy and repressive interactions could not be ruled out, the
TF interaction model could account for the inactivity of several of
the tested enhancers inferred from the reporter assay. The
occurrence of Zic3 consensus motifs in close proximity to 50%
of peaks containing Gli consensus motif supports this idea.
Interestingly, the presence of Gli motifs does not seem to be
specific to a particular developmental stage, as both 8 hpf and 24
hpf data show similar proportions of Zic3 peaks containing Gli
motifs nearby. As in vitro data have demonstrated physical and
functional interactions between Zic and Gli proteins [40,41], such
interaction, as well as interactions with other binding partners,
may also occur in vivo in regulating transcription of target genes.
Our identification of novel target genes of Zic3 has improved an
understanding of the mechanism by which Zic3 regulates
development. These results demonstrated that Zic3 inhibits Nodal
PLOS Genetics | www.plosgenetics.org

Materials and Methods
Zebrafish
Zebrafish of wild type (AB strain) and transgenic line SqET33
[28,34] were maintained according to established protocols [108]
following all the ethical practice recommended for fish maintenance. Embryos were staged according to standard morphological
criteria [109].

Fluorescence-Activated Cell Sorting (FACS)
Dechorionated 24 hpf transgenic embryos were deyolked in
PBS by pipetting through the 1 ml pipette tip. Cells were
dissociated with trypsin solution (0.05% trypsin and 0.2 mM
EDTA) in PBS for 15 min at room temperature. To facilitate
dissociation of cells, embryos were pipetted through the 200 ml
pipette tip. Trypsin was inhibited with complete protease inhibitor
cocktail (Roche) and cell suspension was filtered through a nylon
mesh (40 mm Cell Strainer, BD Falcon). Immediately, an equal
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database to take into consideration the genome duplication event
during teleosts evolution, which relaxed selection pressure on the
conservation of important developmental enhancers [68,72].The
genomic coordinates of each peak summit were extended by
500 bp on each side and compared against the genomic
coordinates of CNEs identified through comparison with either
human hg19 or Tetraodon tetNig2 assemblies. A threshold of at least
70% sequence conservation within every 50 bp was used to define
CNEs in each species.

volume of 4% paraformaldehyde (PFA) in PBS was added to cell
suspension and cells were fixed for 10 min at room temperature.
Reaction was stopped by an equal volume of ice-cold 0.25 M
glycine in PBS, cells were washed three times with 0.125 M
glycine-PBS and resuspended in the same buffer. Cell sorting was
carried out with FACSAriaII Cell Sorter (BD Bioscience). To set
autofluorescence level, cell sorter was calibrated with PFA-fixed
GFP-negative cells before cell separation. GFP-positive and GFPnegative cells were collected in 0.125 M glycine-PBS, frozen in
liquid nitrogen and kept at 280uC until use. For microarray
analysis, PFA fixation step was omitted and cells were sorted into
complete L-15 Leibovitz medium (Gibco) containing 20% fetal
bovine serum.

Recombinant protein expression and EMSA
Two recombinant constructs of the zebrafish Zic3 protein were
produced, the full-length protein (Zic3_ORF) and the DNAbinding domain encompassing Zn-fingers 2 to 5 (Zic3_ZF2-5,
amino acid residues 273–391). DNA sequences corresponding to
each domains were PCR-amplified using the following primers:
Zic3_ORF: 59-GGG GAC AAG TTT GTA CAA AAA AGC
AGG CTT CGA AAA CCT GTA TTT TCA GGG CAG CTT
ACG TGA AAT TGC G CTC-39 and 59-GGG GAC CAC TTT
GTA CAA GAA AGC TGG GTT TAC TCC ACC TGA AAA
CGG ACT TG-39; Zic3_ZF2-5: 59-GGG GAC AAG TTT GTA
CAA AAA AGC AGG CTT CGA AAA CCT GTA TTT TCA
GGG CGC CTT CTT CAG ATA CAT GCG-39 and 59-GGG
GAC CAC TTT GTA CAA GAA AGC TGG GTT TAT GAT
TCG TGT ACC TTC ATA TG-39. Each forward and reverse
primer contained an attB recombination site overhang, with an
additional Tobacco Etch Virus (TEV) protease cleavage site in the
forward primer preceding the N-terminal Zic3 coding sequence.
Protein expression and purification was performed as previously
described (Lim et al., 2010). Electrophoretic mobility shift assay
(EMSA) was performed as previously described [38]. Briefly, Cy5labeled oligonucleotide pairs (1st BASE, Singapore) were annealed
by heating to 95uC for 5 minutes in annealing buffer (500 mM
MgCl2; 500 mM KCl; 200 mM Tris-HCl, pH 8.0) and left in
room temperature to cool down overnight. These were subsequently incubated with the recombinant Zic3 in EMSA buffer
(10 mM Tris, pH 8.0; 0.1 mg/ml BSA; 50 mM ZnCl2; 100 mM
KCL; 0.5 mM MgCl2; 10% glycerol, 0.1% SDS; 2 mM bmercaptoethanol) for 1 hour at 4uC. The reaction was subsequently run on 5% native Tris-Glycine polyacrylamide gel
electrophoresis. Gel was scanned in Typhoon Scanner (GE
Healthcare, USA). The affinity of protein to DNA was determined
by titrating 0–250 nM of protein against 1 nM of annealed
probes.

ChIP-seq
Chromatin Immunoprecipitation (ChIP) was performed according to an established protocol (Wardle et al., 2006) with an
addition of a deyolking step according to Link and colleagues
(2006), with modifications (see Text S1). ChIP DNA was
sequenced on the Illumina Genome Analyzer II (Illumina,
USA). Detailed ChIP-seq methods are described in Supplementary information. Sequencing reads were mapped to the zebrafish
Refseq genome assembly (Zv9), following which peak finding was
performed using the QuEST algorithm [110] using the following
parameters: bandwidth = 30 bp, region size = 600 bp, and FDR qvalue,0.01. Peaks mapped to unassembled chromosomal contigs,
centromeric regions, telomeric regions, segmental duplications and
peaks consisting of .70% repeat sequence were removed. The
ChIP-seq data have been deposited in the Gene Expression
Omnibus database under the accession number GSE41458. To
validate the ChIP-seq performance, we carried out quantitative
PCR (qPCR) on randomly selected peaks, 5 within promoter
region and 16 at regions outside of gene promoters. Taking a foldchange of 2 as a cutoff for positive enrichment, the qPCR analysis
validated all but one peak tested (Table S1).The Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
[111,112] and Genomic Regions Enrichment of Annotations Tool
(GREAT) [35] was used to find gene ontology-enriched terms.
Overlapping of 8 hpf and 24 hpf ChIP-seq signals around peaks
was performed within a region of +/22 kb from each peak
summit. Notice that some peak regions in 8 hpf dataset were not
detected as peaks in 24 hpf dataset but they could be having
sufficient amount of ChIP-seq tags at 24 hpf because of true
binding by Zic3. Similarly there were regions detected as peaks in
24hpf samples and not detected in 8hpf but they may be bound by
Zic3 in both samples and be having enriched ChIP-seq tag count
in both. Hence ChIP-seq signal based clustering further clarified
the status of detected peaks. Motif search was performed with
MEME de novo motif finder [113]. From the top 1000 peaks by
statistical significance, we extracted sequences comprising +/
250 bp from the summit of each peak. After finding the similarity
of de novo motif from MEME with other published Zic3 motifs
[39,80], the quantification of occurrence of these motifs was done
on all ChIP-seq peaks. For this the sequences within 400 bp from
the peak summit were matched with PWM of motifs and the best
matching score were calculated. After having the best matching
score a threshold was used to determine the presence of motif. The
PWM-matching threshold value for each motif was calculated
using simulation such that when 10000 sequences were randomly
designed to have probability similar to corresponding nucleotides
in its PWM then 85% of those sequences could be detected. CNE
peaks were identified by comparing the 8 hpf ChIP-seq dataset
against a list of known CNEs in ANCORA database [64]. We
performed the comparison to both human and Tetraodon CNE
PLOS Genetics | www.plosgenetics.org

Morpholino injection and rescue
Zic3 knockdown was performed using a translation-blocking
antisense morpholino oligonucleotide (MO) purchased from Gene
Tools, LLC (USA). The MO sequence was 59-AGG TTA GTG
GAG TGA ACG GGT ACC G-39. A standard control antisense
MO was also obtained from Gene Tools, LLC with the following
sequence 59-CCT CTT ACC TCA GTT ACA ATT TAT A-39.
For microarray, 1.7 ng Zic3 MO was injected into 1-cell stage
embryos. Rescue was performed using 20 pg of zic3 mRNA
without morpholino-binding site. Capped zic3 mRNA was
synthesized using mMessage mMachine Kit (Ambion, USA).
Results were obtained from at least three different experiments on
embryos from random pairs.

Microarray hybridization and data analysis
For gene expression profiling, custom made zebrafish oligonucleotide microarray (Agilent Technologies; GIS V2 with some
modifications) containing 44,000 oligonucleotide probes (60 mer
long; including positive and negative controls designed by Agilent
14
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lanes show Coomassie blue staining and western blot of a duplicate
gel of whole embryonic cell extract (wce), as well as western blot of
immunoprecipitated Zic3 protein (ChIP) detected using anti Zic3
primary antibody and a light chain specific anti rabbit IgG
secondary antibody. Notice protein bands corresponding to Zic3
with MBP tag (92 KDa, arrow) and without tag (52 KDa, white
arrowhead), as well as IgG light chain at 25 KDa. C, mass
spectrometry result of the recombinant protein band at 52 kDa (in
B, left panel), which matched to zebrafish Zic3 sequence.
(TIF)

and beta-actin controls) was used. The microarray was performed
according to Agilent’s One-Color Microarray Based Gene
Expression Analysis (Quick Amp Labeling) protocol (Version
5.7, March 2008) and RNA Spike-In-One Color. Arrays were
probed using cDNAs reverse transcribed in the presence of Cy3dUTP using 600 ng of total RNA from either wild-type control or
Zic3 knockdown embryos (8 hpf), or from either non zic3expressing cells or zic3-expressing cells (24 hpf). Labeled cDNA
was denatured and hybridized at 42uC for 16 h in a hybridization
oven (Agilent Technologies, USA). After hybridization, the slides
were washed and scanned for fluorescence detection on Agilent
DNA Microarray Scanner. Scanned images were analyzed using
Agilent Feature Extraction Software (v10.5.1.1). Feature extracted
data were analyzed in Genespring software (Agilent Technologies,
USA). Statistically significant gene expression was identified using
Significance Analysis of Microarrays (SAM 3.05) for each
successive time point [114]. Threshold values were set as follows:
q-value,0.8, predicted false discovery rate (FDR),0.05%. Genes
were annotated using the ‘‘Unigene & Gene Ontology Annotation
Tool’’ available at GIS site (http://123.136.65.67/). Genes were
subjected to pathway assembly using Ingenuity Pathway Analysis
(IPA; http://www.ingenuity.com). Selected genes (Fig. 4C; Table
S7) were validated using real time RT-PCR (qRT-PCR) by
assessing their expression level changes in embryos injected with
higher dose of morpholino (3.4 ng) to show similar trend with
microarray regulation.

Figure S2 Functional categories enriched in different subsets of
genes associated with peaks identified at 8 and 24 hpf. List of
biological process (A, C, E) and tissue specific expression terms (B,
D, F) among genes associated with peaks found at both 8 hpf and
24 hpf (Class I), at 8 hpf only (Class II), and at 24 hpf only (Class
III). Light and dark grey bars represent the expected and observed
enrichments, respectively, of functional categories indicated along
the y-axis. Analysis performed with DAVID algorithm.
(TIF)
Figure S3 EMSA of Zic3 motifs. A, hierarchical clustering of
several motif identified from ChIP-seq as well as other motifs
known to interact with Zic3. B, EMSA performed using the mouse
Zic3 recombinant protein [38] demonstrated cross-species ability
of mouse Zic3 protein to recognize the zebrafish motif. C, EMSA
with two other motifs identified through ChIP-seq (left panel) and
their corresponding mutated versions (right panel).
(TIF)

Enhancer activity assay
Tested genomic regions encompassing the peaks with ,200 bp
flanking sequence at each side were amplified using PCR (primer
list in Additional file 5) and cloned into SalI and BamHI sites of the
pTol2-GFP reporter vector containing a minimal promoter from
the mouse cFos gene [115]. Transposase mRNA was synthesized
using mMESSAGE mMACHINE T3 Kit (Ambion, USA) and
purified using RNeasy Mini Kit (QIAGEN, Germany). A total of
20 pg of the circular reporter plasmid and 50 pg of transposase
mRNA were co-injected into 1–2-cell stage embryos. For each
construct, two batches of at least 100 embryos were injected and
assayed for egfp expression at 24 hpf. A consistent egfp expression
pattern observed in at least 20% of injected embryos was
considered as positive. The reporter vector alone showed
expression in muscles and blood cells in G0 embryos (data not
shown). Embryos positive for egfp expression were subsequently
processed for whole mount immunohistochemistry (IHC) with
anti-GFP antibody. qPCR was used to determine egfp expression
level at 8 hpf since morphological identification of tissue specificity
at this stage was difficult.

Figure S4 Defects in cell fate specification and convergentextension movement in Zic3 knockdown embryos. A, WISH of
sox17a expression shows the expansion of the mesendoderm
territory (marked by dashed line) in Zic3 morphants. B, WISH of
ntla in the notochord at 8 hpf in control and Zic3 morphants. C–
D, WISH of pax3a and sox19a at 10 hpf to label the neural plate
border. Dashed line marks the width of neural plate. E–F, average
width of the neural plate was measured at the dashed line in
control and Zic3 morphants. Error bars represent standard
deviation.
(TIF)
Figure S5 WISH of Zic3 target genes. A, WISH of rock2b shows

the reduction of expression domain in the dorsal forerunner cells
in Zic3 morphant embryos. B, WISH of dvl2 in control and Zic3
morphant embryos. C, WISH of representative Zic3 target genes
at 8 hpf whose expression were downregulated in Zic3 knockdown
embryos. Dorsal is to the right.
(TIF)
Figure S6 Effect of Zic3 knockdown in migration of the dorsal
forerunner cells. Expression of sox17a (A–B) and foxj1a (C–D)
marks the dorsal forerunner cells in controls and Zic3 morphant
embryos at 8 hpf.
(TIF)

Supporting Information
Anti-Zic3 antibody specifically recognizes recombinant and endogenous Zic3 proteins. A, Alignment of C-terminal
amino acid sequences of zebrafish Zic proteins. Anti Zic3 antibody
was designed to recognize a region (denoted in bold, in boxed area)
in the C-terminal of Zic3 protein which is unique, having between
15% to 38% similarity with other Zic family members (highest
similarity with Zic2a and Zic4). B, full-length Zic3 recombinant
protein containing an MBP tag (Zic3_ORF) was expressed in
bacteria and isolated with affinity chromatography. Left panel
shows protein SDS-PAGE of uninduced bacterial lysate containing
Zic3 expression construct (U), induced bacterial lysate expressing
Zic3_ORF (I), eluted lysate of Zic3_ORF (E), and Zic3_ORF
treated with TEV protease to remove MBP tag (TEV). Right panel
shows Western blot with anti Zic3 primary antibody. Additional

Figure S1

PLOS Genetics | www.plosgenetics.org

Figure S7 Enrichment of functional categories of genes
associated with proximal and distal Zic3 binding sites. Light and
dark grey bars represent the expected and observed enrichments,
respectively, of functional categories indicated along the y-axis. A,
list of biological processes enriched in genes with peaks beyond
25 kb to +1 kb region. B, a similar enrichment in genes with
peaks beyond +/250 kb from TSS. Analysis performed on
DAVID algorithm.
(TIF)
Figure S8 Zic3 is responsible for reporter gene expression in
tested enhancers. Enhancer fragments 7-211, 4-16, and 17-24 was
15
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was calculated by comparing expression levels in zic3-expressing
cells to that in cells negative for zic3 expression.
(XLS)

either injected alone or co-injected with Zic3 MO into wild-type
embryos. GFP expression level in the MO co-injected constructs
(MO) was assayed using qRT-PCR and presented as a fraction of
that driven by the construct alone (control). A significant decrease
in reporter expression when construct was co-injected with MO
confirms Zic3-dependent activation of reporter expression through
binding to these enhancers.
(TIF)

Table S9 GO enrichment of microarray genes (24 hpf). List of
GO terms enriched among genes co-expressed with zic3 at 24 hpf.
(XLS)
Table S10 List of microarray genes with peak (24 hpf). List of
differentially expressed genes containing at least one ChIP-seq
peak within 100 kb of their TSS at 24 hpf.
(XLS)

Table S1 List of validated ChIP-seq peaks of Zic3 binding.

Genomic location of some ChIP-seq peaks validated by qPCR
including sequences of primer used for qPCR.
(XLS)

Table S11 GO enrichment of microarray genes with ChIP-seq
peaks (24 hpf). GO terms enriched among genes co-expressed with
zic3 and associated with at least one ChIP-seq peak at 24 hpf.
(XLS)

Table S2 GO enrichment of ChIP-seq peaks at 8 hpf. Analysis

was performed using the DAVID algorithm.
(XLS)

Table S12 List of tested enhancers. List of selected enhancers
tested using in vivo enhancer assay with their genomic locations,
primer sequences, and flanking genes.
(XLS)

Table S3 List of genes detected by microarray analysis (8 hpf).

These genes were differentially regulated according to microarray
analysis of transcriptome in Zic3 morphants and control embryos
at 8 hpf.
(XLS)

Table S13 List of ChIP-seq peaks (8 hpf). List of genome-wide
Zic3 binding sites identified by ChIP-seq at 8 hpf.
(XLS)

Table S4 GO enrichment of microarray genes (8 hpf).

(XLS)

Table S14 List of ChIP-seq peaks (24 hpf). List of genome-wide
Zic3 binding sites identified by ChIP-seq at 24 hpf.
(XLS)

Table S5 Genes with ChIP-seq peak at 8 hpf. List of genes

expressed differentially at 8 hpf with at least one ChIP-seq peak
within 100 kb of their TSS.
(XLS)

Supplementary experimental methods. Description of
additional methods used in the study.
(DOC)

Text S1

Table S6 GO enrichment of microarray genes with ChIP-seq
peak at 8 hpf. List of enriched GO terms among genes
differentially regulated in microarray and associated with at least
one peak in ChIP-seq (Zic3 target genes) at 8 hpf.
(XLS)
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P., Alestrøm P., Åanes H., and Lindeman, L.C. for insightful discussions
and technical assistance; personnel of the IMCB fish facility for
maintenance of fish lines.

Table S7 qRT-PCR of selected target genes. qRT-PCR
measurement of gene expression changes as a result of Zic3
knockdown. Expression was assayed in zebrafish embryos injected
with either 1.7 ng and 3.4 ng or 3.4 ng alone of Zic3 MO.
(XLSX)

Author Contributions

Table S8 List of genes detected by microarray analysis (24 hpf).

Conceived and designed the experiments: SM. Performed the experiments:
CLW IK KGS AR. Analyzed the data: CLW IK KGS VKu YO SP LWS.
Wrote the paper: SM CLW VKo. Read the paper: SP LWS. Provided
research materials like zic3 recombinant proteins: LWS.

List of genes which are enriched or de-enriched in zic3- expressing
cells of the neural tube obtained by FACS at 24 hpf. Fold change

References
10. Cast AE, Gao C, Amack JD, Ware SM (2012) An essential and highly
conserved role for Zic3 in left-right patterning, gastrulation and convergent
extension morphogenesis. Dev Biol 364: 22–31.
11. Kitaguchi T, Mizugishi K, Hatayama M, Aruga J, Mikoshiba K (2002)
Xenopus Brachyury regulates mesodermal expression of Zic3, a gene
controlling left-right asymmetry. Dev Growth Differ 44: 55–61.
12. Kitaguchi T, Nagai T, Nakata K, Aruga J, Mikoshiba K (2000) Zic3 is involved
in the left-right specification of the Xenopus embryo. Development 127: 4787–
4795.
13. Campione M, Steinbeisser H, Schweickert A, Deissler K, van Bebber F, et al.
(1999) The homeobox gene Pitx2: mediator of asymmetric left-right signaling
in vertebrate heart and gut looping. Development 126: 1225–1234.
14. Ryan AK, Blumberg B, Rodriguez-Esteban C, Yonei-Tamura S, Tamura K, et
al. (1998) Pitx2 determines left-right asymmetry of internal organs in
vertebrates. Nature 394: 545–551.
15. Sampath K, Rubinstein AL, Cheng AM, Liang JO, Fekany K, et al. (1998)
Induction of the zebrafish ventral brain and floorplate requires cyclops/nodal
signalling. Nature 395: 185–189.
16. Fujimi TJ, Hatayama M, Aruga J (2012) Xenopus Zic3 controls notochord and
organizer development through suppression of the Wnt/beta-catenin signaling
pathway. Dev Biol 361: 220–231.

1. Ware SM, Harutyunyan KG, Belmont JW (2006) Zic3 is critical for early
embryonic patterning during gastrulation. Dev Dyn 235: 776–785.
2. Aruga J (2004) The role of Zic genes in neural development. Mol Cell Neurosci
26: 205–221.
3. Grinblat Y, Sive H (2001) zic Gene expression marks anteroposterior pattern in
the presumptive neurectoderm of the zebrafish gastrula. Dev Dyn 222: 688–693.
4. Nagai T, Aruga J, Takada S, Gunther T, Sporle R, et al. (1997) The expression
of the mouse Zic1, Zic2, and Zic3 gene suggests an essential role for Zic genes
in body pattern formation. Dev Biol 182: 299–313.
5. Aruga J, Nagai T, Tokuyama T, Hayashizaki Y, Okazaki Y, et al. (1996) The
mouse zic gene family. Homologues of the Drosophila pair-rule gene oddpaired. J Biol Chem 271: 1043–1047.
6. Benedyk MJ, Mullen JR, DiNardo S (1994) odd-paired: a zinc finger pair-rule
protein required for the timely activation of engrailed and wingless in
Drosophila embryos. Genes Dev 8: 105–117.
7. Merzdorf CS (2007) Emerging roles for zic genes in early development. Dev
Dyn 236: 922–940.
8. Grinberg I, Millen KJ (2005) The ZIC gene family in development and disease.
Clin Genet 67: 290–296.
9. Gebbia M, Ferrero GB, Pilia G, Bassi MT, Aylsworth A, et al. (1997) X-linked
situs abnormalities result from mutations in ZIC3. Nat Genet 17: 305–308.

PLOS Genetics | www.plosgenetics.org

16

October 2013 | Volume 9 | Issue 10 | e1003852

Distal Regulation of Developmental Genes by Zic3

17. Purandare SM, Ware SM, Kwan KM, Gebbia M, Bassi MT, et al. (2002) A
complex syndrome of left-right axis, central nervous system and axial skeleton
defects in Zic3 mutant mice. Development 129: 2293–2302.
18. Nakata K, Nagai T, Aruga J, Mikoshiba K (1997) Xenopus Zic3, a primary
regulator both in neural and neural crest development. Proc Natl Acad Sci U S A
94: 11980–11985.
19. Marchal L, Luxardi G, Thome V, Kodjabachian L (2009) BMP inhibition
initiates neural induction via FGF signaling and Zic genes. Proc Natl Acad
Sci U S A 106: 17437–17442.
20. Weber JR, Sokol SY (2003) Identification of a phylogenetically conserved
activin-responsive enhancer in the Zic3 gene. Mech Dev 120: 955–964.
21. ENCODE Project Consortium (2004) The ENCODE (ENCyclopedia Of DNA
Elements) Project. Science 306: 636–640.
22. Sanyal A, Lajoie BR, Jain G, Dekker J (2012) The long-range interaction
landscape of gene promoters. Nature 489: 109–113.
23. Farnham PJ (2009) Insights from genomic profiling of transcription factors. Nat
Rev Genet 10: 605–616.
24. Spitz F, Furlong EE (2012) Transcription factors: from enhancer binding to
developmental control. Nat Rev Genet 13: 613–626.
25. Wederell ED, Bilenky M, Cullum R, Thiessen N, Dagpinar M, et al. (2008)
Global analysis of in vivo Foxa2-binding sites in mouse adult liver using
massively parallel sequencing. Nucleic Acids Res 36: 4549–4564.
26. Chen X, Xu H, Yuan P, Fang F, Huss M, et al. (2008) Integration of external
signaling pathways with the core transcriptional network in embryonic stem
cells. Cell 133: 1106–1117.
27. Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, et al. (2005) Chromosomewide mapping of estrogen receptor binding reveals long-range regulation
requiring the forkhead protein FoxA1. Cell 122: 33–43.
28. Parinov S, Kondrichin I, Korzh V, Emelyanov A (2004) Tol2 transposonmediated enhancer trap to identify developmentally regulated zebrafish genes
in vivo. Dev Dyn 231: 449–459.
29. Aanes H, Winata CL, Lin CH, Chen JP, Srinivasan KG, et al. (2011) Zebrafish
mRNA sequencing deciphers novelties in transcriptome dynamics during
maternal to zygotic transition. Genome Res 21: 1328–1338.
30. Schmitz B, Papan C, and Campos-Ortega JA (1993) Neurulation in the
anterior trunk region of the zebrafish Brachydanio rerio. . Roux’s Arch Dev
Biol 202: 250–259.
31. Woo K, Fraser SE (1995) Order and coherence in the fate map of the zebrafish
nervous system. Development 121: 2595–2609.
32. Grinblat Y, Gamse J, Patel M, Sive H (1998) Determination of the zebrafish
forebrain: induction and patterning. Development 125: 4403–4416.
33. Sagerstrom CG, Grinbalt Y, Sive H (1996) Anteroposterior patterning in the
zebrafish, Danio rerio: an explant assay reveals inductive and suppressive cell
interactions. Development 122: 1873–1883.
34. Kondrychyn I, Garcia-Lecea M, Emelyanov A, Parinov S, Korzh V (2009)
Genome-wide analysis of Tol2 transposon reintegration in zebrafish. BMC
Genomics 10: 418.
35. McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, et al. (2010) GREAT
improves functional interpretation of cis-regulatory regions. Nat Biotechnol 28:
495–501.
36. Aruga J, Mikoshiba K (2011) Role of BMP, FGF, calcium signaling, and Zic
proteins in vertebrate neuroectodermal differentiation. Neurochem Res 36:
1286–1292.
37. Appel B (2000) Zebrafish neural induction and patterning. Dev Dyn 219: 155–
168.
38. Lim LS, Hong FH, Kunarso G, Stanton LW (2010) The pluripotency regulator
Zic3 is a direct activator of the Nanog promoter in ESCs. Stem Cells 28: 1961–
1969.
39. Newburger DE, Bulyk ML (2009) UniPROBE: an online database of protein
binding microarray data on protein-DNA interactions. Nucleic Acids Res 37:
D77–82.
40. Mizugishi K, Aruga J, Nakata K, Mikoshiba K (2001) Molecular properties of
Zic proteins as transcriptional regulators and their relationship to GLI proteins.
J Biol Chem 276: 2180–2188.
41. Koyabu Y, Nakata K, Mizugishi K, Aruga J, Mikoshiba K (2001) Physical and
functional interactions between Zic and Gli proteins. J Biol Chem 276: 6889–
6892.
42. Thisse C, Thisse B (1999) Antivin, a novel and divergent member of the
TGFbeta superfamily, negatively regulates mesoderm induction. Development
126: 229–240.
43. Faucourt M, Houliston E, Besnardeau L, Kimelman D, Lepage T (2001) The
pitx2 homeobox protein is required early for endoderm formation and nodal
signaling. Dev Biol 229: 287–306.
44. Feldman B, Dougan ST, Schier AF, Talbot WS (2000) Nodal-related signals
establish mesendodermal fate and trunk neural identity in zebrafish. Curr Biol
10: 531–534.
45. Feldman B, Gates MA, Egan ES, Dougan ST, Rennebeck G, et al. (1998)
Zebrafish organizer development and germ-layer formation require nodalrelated signals. Nature 395: 181–185.
46. Bisgrove BW, Essner JJ, Yost HJ (1999) Regulation of midline development by
antagonism of lefty and nodal signaling. Development 126: 3253–3262.
47. Ekker M, Akimenko MA, Allende ML, Smith R, Drouin G, et al. (1997)
Relationships among msx gene structure and function in zebrafish and other
vertebrates. Mol Biol Evol 14: 1008–1022.

PLOS Genetics | www.plosgenetics.org

48. Woda JM, Pastagia J, Mercola M, Artinger KB (2003) Dlx proteins position the
neural plate border and determine adjacent cell fates. Development 130: 331–
342.
49. de la Calle-Mustienes E, Glavic A, Modolell J, Gomez-Skarmeta JL (2002) Xiro
homeoproteins coordinate cell cycle exit and primary neuron formation by
upregulating neuronal-fate repressors and downregulating the cell-cycle
inhibitor XGadd45-gamma. Mech Dev 119: 69–80.
50. Lecaudey V, Anselme I, Dildrop R, Ruther U, Schneider-Maunoury S (2005)
Expression of the zebrafish Iroquois genes during early nervous system
formation and patterning. J Comp Neurol 492: 289–302.
51. Korzh V, Sleptsova I, Liao J, He J, Gong Z (1998) Expression of zebrafish
bHLH genes ngn1 and nrd defines distinct stages of neural differentiation. Dev
Dyn 213: 92–104.
52. Wallingford JB, Harland RM (2002) Neural tube closure requires Dishevelleddependent convergent extension of the midline. Development 129: 5815–5825.
53. Song H, Hu J, Chen W, Elliott G, Andre P, et al. (2010) Planar cell polarity
breaks bilateral symmetry by controlling ciliary positioning. Nature 466: 378–
382.
54. Thiriet N, Agasse F, Nicoleau C, Guegan C, Vallette F, et al. (2011) NPY
promotes chemokinesis and neurogenesis in the rat subventricular zone.
J Neurochem 116: 1018–1027.
55. Yeh CM, Liu YC, Chang CJ, Lai SL, Hsiao CD, et al. (2011) Ptenb mediates
gastrulation cell movements via Cdc42/AKT1 in zebrafish. PLoS One 6:
e18702.
56. Ghigna C, Giordano S, Shen H, Benvenuto F, Castiglioni F, et al. (2005) Cell
motility is controlled by SF2/ASF through alternative splicing of the Ron
protooncogene. Mol Cell 20: 881–890.
57. Seux M, Peuget S, Montero MP, Siret C, Rigot V, et al. (2011) TP53INP1
decreases pancreatic cancer cell migration by regulating SPARC expression.
Oncogene 30: 3049–3061.
58. Gilbert MM, Robinson BS, Moberg KH (2009) Functional interactions
between the erupted/tsg101 growth suppressor gene and the DaPKC and rbf1
genes in Drosophila imaginal disc tumors. PLoS One 4: e7039.
59. Wang Y, Kaneko N, Asai N, Enomoto A, Isotani-Sakakibara M, et al. (2011)
Girdin is an intrinsic regulator of neuroblast chain migration in the rostral
migratory stream of the postnatal brain. J Neurosci 31: 8109–8122.
60. Ohara K, Enomoto A, Kato T, Hashimoto T, Isotani-Sakakibara M, et al.
(2012) Involvement of Girdin in the determination of cell polarity during cell
migration. PLoS One 7: e36681.
61. Fisher S, Grice EA, Vinton RM, Bessling SL, Urasaki A, et al. (2006)
Evaluating the biological relevance of putative enhancers using Tol2
transposon-mediated transgenesis in zebrafish. Nat Protoc 1: 1297–1305.
62. Li G, Ruan X, Auerbach RK, Sandhu KS, Zheng M, et al. (2012) Extensive
promoter-centered chromatin interactions provide a topological basis for
transcription regulation. Cell 148: 84–98.
63. Tena JJ, Alonso ME, de la Calle-Mustienes E, Splinter E, de Laat W, et al.
(2011) An evolutionarily conserved three-dimensional structure in the
vertebrate Irx clusters facilitates enhancer sharing and coregulation. Nat
Commun 2: 310.
64. Engstrom PG, Fredman D, Lenhard B (2008) Ancora: a web resource for
exploring highly conserved noncoding elements and their association with
developmental regulatory genes. Genome Biol 9: R34.
65. Cawley S, Bekiranov S, Ng HH, Kapranov P, Sekinger EA, et al. (2004)
Unbiased mapping of transcription factor binding sites along human
chromosomes 21 and 22 points to widespread regulation of noncoding RNAs.
Cell 116: 499–509.
66. Sandelin A, Bailey P, Bruce S, Engstrom PG, Klos JM, et al. (2004) Arrays of
ultraconserved non-coding regions span the loci of key developmental genes in
vertebrate genomes. BMC Genomics 5: 99.
67. Woolfe A, Goodson M, Goode DK, Snell P, McEwen GK, et al. (2005) Highly
conserved non-coding sequences are associated with vertebrate development.
PLoS Biol 3: e7.
68. Venkatesh B, Kirkness EF, Loh YH, Halpern AL, Lee AP, et al. (2006) Ancient
noncoding elements conserved in the human genome. Science 314: 1892.
69. Bejerano G, Pheasant M, Makunin I, Stephen S, Kent WJ, et al. (2004)
Ultraconserved elements in the human genome. Science 304: 1321–1325.
70. Blow MJ, McCulley DJ, Li Z, Zhang T, Akiyama JA, et al. (2010) ChIP-Seq
identification of weakly conserved heart enhancers. Nat Genet 42: 806–810.
71. Schmidt D, Wilson MD, Ballester B, Schwalie PC, Brown GD, et al. (2010)
Five-vertebrate ChIP-seq reveals the evolutionary dynamics of transcription
factor binding. Science 328: 1036–1040.
72. Lee AP, Kerk SY, Tan YY, Brenner S, Venkatesh B (2011) Ancient vertebrate
conserved noncoding elements have been evolving rapidly in teleost fishes. Mol
Biol Evol 28: 1205–1215.
73. Christoffels A, Koh EG, Chia JM, Brenner S, Aparicio S, et al. (2004) Fugu
genome analysis provides evidence for a whole-genome duplication early
during the evolution of ray-finned fishes. Mol Biol Evol 21: 1146–1151.
74. Hoegg S, Brinkmann H, Taylor JS, Meyer A (2004) Phylogenetic timing of the
fish-specific genome duplication correlates with the diversification of teleost
fish. J Mol Evol 59: 190–203.
75. Crow KD, Stadler PF, Lynch VJ, Amemiya C, Wagner GP (2006) The ‘‘fishspecific’’ Hox cluster duplication is coincident with the origin of teleosts. Mol
Biol Evol 23: 121–136.

17

October 2013 | Volume 9 | Issue 10 | e1003852

Distal Regulation of Developmental Genes by Zic3

96. Danos MC, Yost HJ (1996) Role of notochord in specification of cardiac leftright orientation in zebrafish and Xenopus. Dev Biol 177: 96–103.
97. Morgan D, Turnpenny L, Goodship J, Dai W, Majumder K, et al. (1998)
Inversin, a novel gene in the vertebrate left-right axis pathway, is partially
deleted in the inv mouse. Nat Genet 20: 149–156.
98. Otto EA, Schermer B, Obara T, O’Toole JF, Hiller KS, et al. (2003) Mutations
in INVS encoding inversin cause nephronophthisis type 2, linking renal cystic
disease to the function of primary cilia and left-right axis determination. Nat
Genet 34: 413–420.
99. Okada Y, Takeda S, Tanaka Y, Izpisua Belmonte JC, Hirokawa N (2005)
Mechanism of nodal flow: a conserved symmetry breaking event in left-right
axis determination. Cell 121: 633–644.
100. Hashimoto M, Shinohara K, Wang J, Ikeuchi S, Yoshiba S, et al. (2010) Planar
polarization of node cells determines the rotational axis of node cilia. Nat Cell
Biol 12: 170–176.
101. Wang G, Cadwallader AB, Jang DS, Tsang M, Yost HJ, et al. (2011) The Rho
kinase Rock2b establishes anteroposterior asymmetry of the ciliated Kupffer’s
vesicle in zebrafish. Development 138: 45–54.
102. Watanabe D, Saijoh Y, Nonaka S, Sasaki G, Ikawa Y, et al. (2003) The leftright determinant Inversin is a component of node monocilia and other 9+0
cilia. Development 130: 1725–1734.
103. May-Simera HL, Kai M, Hernandez V, Osborn DP, Tada M, et al. (2010)
Bbs8, together with the planar cell polarity protein Vangl2, is required to
establish left-right asymmetry in zebrafish. Dev Biol 345: 215–225.
104. Ross AJ, May-Simera H, Eichers ER, Kai M, Hill J, et al. (2005) Disruption of
Bardet-Biedl syndrome ciliary proteins perturbs planar cell polarity in
vertebrates. Nat Genet 37: 1135–1140.
105. Heisenberg CP, Tada M (2002) Wnt signalling: a moving picture emerges from
van gogh. Curr Biol 12: R126–128.
106. Yen HJ, Tayeh MK, Mullins RF, Stone EM, Sheffield VC, et al. (2006) BardetBiedl syndrome genes are important in retrograde intracellular trafficking and
Kupffer’s vesicle cilia function. Hum Mol Genet 15: 667–677.
107. Aruga J, Tohmonda T, Homma S, Mikoshiba K (2002) Zic1 promotes the
expansion of dorsal neural progenitors in spinal cord by inhibiting neuronal
differentiation. Dev Biol 244: 329–341.
108. Westerfield M (2000) The zebrafish book. A guide for the laboratory use of
zebrafish (Danio rerio). 4th edition. Eugene: Univ. of Oregon Press.
109. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF (1995) Stages
of embryonic development of the zebrafish. Dev Dyn 203: 253–310.
110. Valouev A, Johnson DS, Sundquist A, Medina C, Anton E, et al. (2008)
Genome-wide analysis of transcription factor binding sites based on ChIP-Seq
data. Nat Methods 5: 829–834.
111. Huang da W, Sherman BT, Lempicki RA (2009) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4:
44–57.
112. Huang da W, Sherman BT, Lempicki RA (2009) Bioinformatics enrichment
tools: paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res 37: 1–13.
113. Bailey TL, Elkan C (1994) Fitting a mixture model by expectation
maximization to discover motifs in biopolymers. Proc Int Conf Intell Syst
Mol Biol 2: 28–36.
114. Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays
applied to the ionizing radiation response. Proc Natl Acad Sci U S A 98: 5116–
5121.
115. Dorsky RI, Sheldahl LC, Moon RT (2002) A transgenic Lef1/beta-catenindependent reporter is expressed in spatially restricted domains throughout
zebrafish development. Dev Biol 241: 229–237.

76. Laney JD, Biggin MD (1997) Zeste-mediated activation by an enhancer is
independent of cooperative DNA binding in vivo. Proc Natl Acad Sci U S A
94: 3602–3604.
77. Cook PR (1999) The organization of replication and transcription. Science 284:
1790–1795.
78. Ouyang Z, Zhou Q, Wong WH (2009) ChIP-Seq of transcription factors
predicts absolute and differential gene expression in embryonic stem cells. Proc
Natl Acad Sci U S A 106: 21521–21526.
79. Mullen AC, Orlando DA, Newman JJ, Loven J, Kumar RM, et al. (2011)
Master transcription factors determine cell-type-specific responses to TGF-beta
signaling. Cell 147: 565–576.
80. Lim LS, Loh YH, Zhang W, Li Y, Chen X, et al. (2007) Zic3 is required for
maintenance of pluripotency in embryonic stem cells. Mol Biol Cell 18: 1348–
1358.
81. Orian A, van Steensel B, Delrow J, Bussemaker HJ, Li L, et al. (2003) Genomic
binding by the Drosophila Myc, Max, Mad/Mnt transcription factor network.
Genes Dev 17: 1101–1114.
82. Fernandez PC, Frank SR, Wang L, Schroeder M, Liu S, et al. (2003) Genomic
targets of the human c-Myc protein. Genes Dev 17: 1115–1129.
83. Zeitlinger J, Zinzen RP, Stark A, Kellis M, Zhang H, et al. (2007) Wholegenome ChIP-chip analysis of Dorsal, Twist, and Snail suggests integration of
diverse patterning processes in the Drosophila embryo. Genes Dev 21: 385–
390.
84. Sandmann T, Girardot C, Brehme M, Tongprasit W, Stolc V, et al. (2007) A
core transcriptional network for early mesoderm development in Drosophila
melanogaster. Genes Dev 21: 436–449.
85. Robertson G, Hirst M, Bainbridge M, Bilenky M, Zhao Y, et al. (2007)
Genome-wide profiles of STAT1 DNA association using chromatin immunoprecipitation and massively parallel sequencing. Nat Methods 4: 651–657.
86. Cao Y, Yao Z, Sarkar D, Lawrence M, Sanchez GJ, et al. (2010) Genome-wide
MyoD binding in skeletal muscle cells: a potential for broad cellular
reprogramming. Dev Cell 18: 662–674.
87. MacQuarrie KL, Fong AP, Morse RH, Tapscott SJ (2011) Genome-wide
transcription factor binding: beyond direct target regulation. Trends Genet 27:
141–148.
88. Li XY, Thomas S, Sabo PJ, Eisen MB, Stamatoyannopoulos JA, et al. (2011)
The role of chromatin accessibility in directing the widespread, overlapping
patterns of Drosophila transcription factor binding. Genome Biol 12: R34.
89. Fujioka M, Wu X, Jaynes JB (2009) A chromatin insulator mediates transgene
homing and very long-range enhancer-promoter communication. Development 136: 3077–3087.
90. Chepelev I, Wei G, Wangsa D, Tang Q, Zhao K (2012) Characterization of
genome-wide enhancer-promoter interactions reveals co-expression of interacting genes and modes of higher order chromatin organization. Cell Res 22:
490–503.
91. Carmany-Rampey A, Schier AF (2001) Single-cell internalization during
zebrafish gastrulation. Curr Biol 11: 1261–1265.
92. Myers DC, Sepich DS, Solnica-Krezel L (2002) Convergence and extension in
vertebrate gastrulae: cell movements according to or in search of identity?
Trends Genet 18: 447–455.
93. Solnica-Krezel L (2006) Gastrulation in zebrafish – all just about adhesion?
Curr Opin Genet Dev 16: 433–441.
94. Rohde LA, Heisenberg CP (2007) Zebrafish gastrulation: cell movements,
signals, and mechanisms. Int Rev Cytol 261: 159–192.
95. Bisgrove BW, Essner JJ, Yost HJ (2000) Multiple pathways in the midline
regulate concordant brain, heart and gut left-right asymmetry. Development
127: 3567–3579.

PLOS Genetics | www.plosgenetics.org

18

October 2013 | Volume 9 | Issue 10 | e1003852

