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Abstract

To determine the hierarchy of transcriptional regulation within the in vivo vertebrate embryo, we
examined whether developmental enhancers were influenced by Nodal signaling during early
embryogenesis in Xenopus tropicalis. We find that developmental enhancers, defined by the active
enhancer chromatin marks H3K4mel and H3K27ac, are established as early as blastula stage and
that Smad2/3 only strongly associates with these regions at gastrula stages. Significantly, when we
perturb Nodal signaling using the drug SB431542, most enhancers remain marked, including at
genes known to be sensitive to Nodal signaling. Overall, as enhancers are in an active
conformation prior to Nodal signaling and are established independently of Nodal signaling, we
suggest that many developmental enhancers are marked maternally, prior to exposure to extrinsic
signals.
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Introduction

Enhancers are distinct genomic regions that control temporal and spatial transcription.
Hundreds of thousands of enhancers are scattered throughout the genome of all organisms,
but only a fraction of these are utilized at any given time or any given cell. As enhancer
usage is complex — varying in both developmental stages and cell types — elucidating these
regions in vivo has been difficult. Many cell type specific enhancers, particularly in model
organisms, have been identified and characterized using promoter bashing, gel shift assays
and fingerprinting methodologies. Only recently have enhancers been identified on a
genome-wide scale using chromatin immunoprecipitation followed by sequencing (ChiIP-
Seq) (Andersson et al., 2014; Bonn et al., 2012; Heintzman et al., 2009). Collectively, this
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work has shown that enhancers are regions of the genome that are depleted for nucleosomes.
Further, the nucleosomes that exist on either side of the open chromatin contain specific
histone modifications which are highly correlated with either active, repressed or poised
neighboring gene transcription (Creyghton et al., 2010; Rada-Iglesias et al., 2011).
Therefore, examining these open chromatin regions and their associated histone variants can
strongly predict how a regulatory region is being utilized. H3K4mel, when bound either
alone or together with H3K27me3, is not associated with transcription of neighboring genes
and therefore enhancers containing these signatures are considered primed or poised
(Shlyueva et al., 2014). If, however, H3K4mel is bound together with H3K27ac then this
combination is strongly associated with neighboring gene transcription and these regions are
considered active enhancers (Creyghton et al., 2010; Rada-Iglesias et al., 2011; Shlyueva et
al., 2014). The presence of a specific transcription factor at such regions provides additional
support for the enhancer being active (Kim et al., 2011). Overall, genomic regions that
contain H3K4mel, H3K27ac and a transcription factor are highly likely to be functioning as
active enhancers within that cellular context.

In the vertebrate embryo, it is unknown when enhancer marks are established during
gestation, and whether their establishment is primarily dependent on maternal or zygotic
proteins. Understanding how developmental enhancers are established and whether they are
guided by specific transcription factors is the key to mechanistically understanding the
hierarchy of transcriptional networks during embryogenesis. There is ample precedence
from work in Drosophila showing that enhancer marks precede transcription factor binding
(Bonn et al., 2012; Negre et al., 2011), although some transcription factors, termed pioneers,
are known to unwind chromatin and recruit histone variants (Zaret and Carroll, 2011). In the
Xenopus embryo, the maternally supplied pioneer factor FoxH1/Fast1 is known to be critical
for proper germ layer specification and patterning of the early embryo, suggesting that
maternal factors can act in the establishment of early gene transcription (Kofron et al., 2004;
Watanabe and Whitman, 1999). However, while some activities of maternal FoxH1 are
Smad-independent, a primary activity of FoxH1 is to activate gene transcription by binding
activin response elements together with Smads, which are not active in the nucleus until
after zygotic transcription begins (Chen et al., 1996, 1997). The timing of FoxH1 binding,
enhancer mark deposition, and Smad binding at enhancers is unknown. There is also
evidence that chromatin marks are remodeled prior to zygotic transcription, as the promoter
mark H3K4me3 is established at some key early developmental genes through the action of
f3-catenin and the arginine methyltransferase Prmt2 (Blythe et al., 2010). However, the
global hierarchy of transcription factor binding events and chromatin mark establishment is
unclear: it remains unknown whether the transcription factor recruits enhancer chromatin
marks or whether these chromatin marks permit transcription factor binding.

With the sequencing of Xenopus tropicalis, this organism has become amenable to examine
the hierarchy of events that underlies the formation of the vertebrate body plan at the level
of enhancers. In this report, we examine the sequence of deposition of the enhancer marks
H3K4mel and H3K27ac, and of the Nodal transcription factor, Smad2/3, immediately
following zygotic transcription and continuing through gastrulation. We find that regions
marked by H3K4mel and H3K27ac are associated with key developmental genes at the
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onset of zygotic transcription. However, these regions are not generally associated with
either the transcription factor Smad2/3 or with active promoters until gastrulation. Further,
using perturbations within the Xenopus embryo, we find that the presence of H3K4mel and
H3K27ac at these regions is independent of functional Nodal signaling. Overall, we suggest
that, in X. tropicalis, many important developmental enhancers are marked at or prior to
zygotic transcription, but are not dependent on zygotic signaling, particularly Nodal, for
their establishment.

Results and discussion

Promoter identification at blastula and gastrula stages using H3K4me3 and H3K27me3 in

X. tropicalis

In order to define promoter elements in X. tropicalis, we examined the occupancy of
H3K4me3 and H3K27me3 using ChIP-Seq. Promoters are nucleosome depleted regions of
the chromatin. If H3K4me3 is present on the nucleosomes flanking these open chromatin
regions there is a strong correlation with active transcription (Rada-Iglesias et al., 2011;
Shlyueva et al., 2014). Conversely, if H3K27me3 is present, there is a correlation with
absence of transcription (reviewed in Shlyueva et al., 2014). Therefore, these two epigenetic
marks are useful in characterizing active vs silent promoters within the genome. Our
analysis focused on the early stages of embryonic differentiation, including midblastula
embryos near the onset of zygotic transcription (stage 8, Nieuwkoop and Faber staging
criteria) (Nieuwkoop and Faber, 1967), late blastula embryos undergoing germ layer
specification (stage 9), and early gastrula embryos undergoing dorsal-ventral patterning and
gastrulation morphogenesis (stage 10.5). For each stage and histone mark, 10 to 59 million
reads were aligned to version xenTro2 using MACS2.08 at a stringent q value of 0.0001 (see
the Experimental procedures section).

For the active promoter mark, H3K4me3, we identified 2,010, 6,839 and 14,549 peaks at
stages 8, 9 and 10.5, respectively (Fig. 1A). At each stage these regions are predominantly
located either within 1 kb of a transcription start site (TSS) or within intergenic regions
greater than 30 kb from a TSS (Fig. 1B). Further, when we compare all regions that contain
a H3K4me3 mark between all embryonic stages, we find significant overlap, with most of
the marks present at stage 8 and 9 being represented at stage 10.5 (Fig. 1C).

Next we identified the genes that are associated with a H3K4me3 marked region within 1 kb
of a transcription start site (TSS) using HOMER software (Heinz et al., 2010) (see the
Experimental procedures section). We find 683, 3266, and 4739 genes at stages 8, 9 and
10.5, respectively. We next compared the overlap of these genes between each stage (Fig.
1D). The majority of genes with a promoter containing H3K4me3 at stage 8 remain marked
at both stage 9 and stage 10.5, and most promoters that acquire a mark at stage 9 retain it at
stage 10.5 (2757/3266). There is a gradual accumulation of blastula- or gastrula-specific
active promoters that are used as development proceeds (353/3266 at stage 9 and 1952/4739
at stage 10.5). Overall, H3K4me3 bound promoters at stage 8 and stage 9 strongly predict
the continued presence of this mark at stage 10.5—suggesting that active promoters remain
stable as early development progresses.
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We then examined the function of the genes associated with active promoters at all stages
using the gene ontology analysis tool DAVID (Huang et al., 2009a, 2009b). We find
significant enrichment for the terms “Ribonuclear protein complex” (stage 8, p=6.2 x 10~11;
stage 9, p=1.0 x 10712; stage 10.5, p=4.4 x 10712) and “RNA recognition motif” (stage 8,
p=3.3 x 10 ~5; stage 9, 1.6 x 10 ~6; stage 10.5, 0.022) (Fig. 1E) (Supplemental Table S1),
likely reflecting functions involved in initiating zygotic transcription. The functional
categories also include terms associated with housekeeping functions like “Protein catabolic
process” (stage 9; p=1.5 x 10 ~4; stage 10; p=1.3 x 10 ~7), “ATP binding” (stage 9, p=3.3 x
10 ~4; stage 10.5, p=1.4 x 10 ~°), “Intracellular non-membrane organelle” (stage 8, p=1.7 x
10 ~4; stage 9, p=4.7 x 10 ~10), “Membrane enclosed lumen” (stage 9, p=1.6 x 10 ~4; stage
10.5, p=1.9 x 10 ~5). Overall, this suggests that most active promoters during early
embryonic development are strongly enriched for basic metabolic functions. We do not see
enrichment for terms associated with early embryonic development. Certainly, some early
developmental regulators are marked by H3K4me3, but among the thousands of H3K4me3
promoters we identified, basic transcriptional and metabolic functions predominate at all
three stages.

We conducted a similar analysis at each of the three stages with the repressive promoter
mark, H3K27me3, and find very few instances of binding genome-wide, including only 75
regions at stage 8 and 179 at stage 10.5 (Fig. 1A). Of the regions identified at each time
point, most are found within intergenic regions more than 30 kb from an annotated TSS
(Fig. 1B). These results are consistent with what has previously been described in X.
tropicalis (Akkers et al., 2009; van Heeringen et al., 2013), and support the notion that
Polycomb Complex activity is minimal during early embryonic development in X. tropicalis
(van Heeringen et al., 2013). Like other researchers, we conclude that promoter poising
through bivalent H3K4me3/H3K27me3 marks is not a common mechanism for regulating
gene expression in the early Xenopus embryo.

Putative enhancers are associated with developmental genes at early blastula stages

We next sought to elucidate enhancers during blastula and gastrula stages genome wide in X.
tropicalis. While it is thought that enhancers are stable in adult organ systems, research in
embryonic stem cells and in invertebrate model organisms suggests that enhancers are
utilized transiently during development (Bonn et al., 2012; Calo and Wysocka, 2013;
Lindeman et al., 2011; Negre et al., 2011; Rada-lglesias et al., 2011; Rada-lglesias and
Wysocka, 2011). Therefore, understanding enhancers and how they vary throughout
embryogenesis will provide both the means of targeting these regions and an appreciation
for how they are used within a temporal context. To identify embryonic enhancers marked
during blastula and gastrula stages in X. tropicalis, we performed ChlP-Seq for H3K27ac
and H3K4mel (Bonn et al., 2012; Creyghton et al., 2010; Shlyueva et al., 2014; Zentner et
al., 2011). We find thousands of genomic regions containing each mark, increasing in
number at each subsequent developmental stage (see Fig. 2A).

As regions containing both H3K4mel and H3K27ac have been associated with active
enhancers (Bonn et al., 2012; Creyghton et al., 2010; Rada-Iglesias et al., 2011; Shlyueva et
al., 2014), we then identified regions genome-wide that contained overlapping H3K27ac and
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H3K4mel at each stage (Fig. 2B). We find considerable overlap between the two marks at
each stage genome-wide (Fig. 2B). Interestingly, by stage 10.5, 90% of regions that are
marked by H3K27ac also contain H3K4mel. Given the body of literature linking these two
variants to enhancer function, we designated regions marked by both H3K27ac and
H3K4mel as putative enhancers. Throughout the remaining text, we will refer to these as
putative enhancers. Validation of known Nodal enhancer elements (see Fig. 4) suggests that
many of these are active enhancers utilized during gastrulation in X. tropicalis.

We next examined whether putative enhancers change between embryonic stages (Fig. 2D).
We find that, once marked, most of these elements remain throughout subsequent stages
(Fig. 2D, left Venn). Of the 2736 putative enhancers identified at stage 8, 2019 (74%)
remain marked at both stage 9 and stage 10.5. Less than 10% are found exclusively at stage
8 and only 15.5% are specific to stage 9. However, 62% of the putative enhancers are
specific for stage 10.5, supporting the idea that as development becomes more complex
there is a requirement for a greater repertoire of enhancers.

We next sought to identify genes associated with putative enhancers (Fig. 2C). We find
2180, 4719 and 6641 genes at stages 8, 9, 10.5, respectively (Fig. 2D). After comparing
these stages, we find that 87% of genes associated with a putative enhancer at stage 8 stay
associated through stage 10.5. We then performed DAVID analysis using the 1901 genes
associated with a putative enhancer across all stages and found five enriched categories
including “Regulation of transcription” (p=1.1 x 10 ~19), “Ribonuclear protein complex”
(p=1.2 x 10 ~8), “Zinc Finger” (p=4.4 x 10 ~°), “RNA recognition motif” (p=1.5 x 10 %),
and “Cyclin” (p= 3.8 x 10 ~°) (Fig. 2E).

Examination of the 178 genes within the “Regulation of transcription” cluster reveals many
important developmental transcription factors, including eomes, smadl, foxAl, foxA2, tcf3,
sox17p.1, gatad, gatab, sox1, sox2, sox3, Sox7, pax2, pax6, otxl, otx2, pitxl, pitx2, meis2,
dix1, dix2, dIx3, irx2, irx3, pou3f4, pou3fl, six2, notl, not2, suz12, and twistl (Supplemental
Table S2). This is surprising as it suggests that, by early blastula stage, many key
developmental loci already have H3K4mel and H3K27ac marks, though these regions may
not initiate expression until much later in development. Interestingly, most of these genes
lack H3K4me3 at their promoters, suggesting that no transcription is occurring, consistent
with the fact that most of these genes are not known to be expressed until gastrulation. We
find that only smadl, sox2 and sox3 contain H3K4me3 marks near the TSS, suggesting that
most of these developmental loci contain the signature of an active enhancer, but in the
absence of transcription. Indeed, if we examine published RNA-Seq and microarray datasets
for these transcripts, we find most (18/31) increase by over 2 fold from stage 8 to stage 12
(YYanai et al., 2011; Tan et al., 2013), strongly suggesting that while these developmental
genes can be associated with enhancer marks at stage 8, they are not actively transcribed.
Overall this suggests that, in Xenopus, the active enhancer marks H3K4mel and H3K27ac
precede gene expression by several hours and embryonic stages. This suggests that in
Xenopus, enhancer marks are established before active transcription, in contrast to stem cells
where enhancer marks are immediately associated with active transcription (Creyghton et
al., 2010; Rada-Iglesias et al., 2011; Shlyueva et al., 2014).
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Identification of enhancers used by Nodal signaling in blastula and gastrula

To identify specifically those enhancers used by Nodal in the X. tropicalis embryo, we
examined genomic regions occupied by Smad2/3. Nodal signaling is necessary and
sufficient to establish both mesoderm and endoderm, but outside of the few characterized
Nodal enhancers or Activin Response Elements (ARES) (Germain et al., 2000; Huang et al.,
1995; Kimura et al., 1997; Rebbert and Dawid, 1997; Ryan et al., 2000; Saijoh et al., 1999;
Shiratori et al., 2001; Watabe et al., 1995), it is unknown how and where Smad2/3 regulates
transcription to drive Nodal responses. To this end, we performed ChIP-Seq (using an
antibody that recognizes both Smad2 and Smad3) to examine Smad2/3 occupancy genome-
wide at stage 8, 9 and 10.5. Although we were able to detect Smad2/3 binding in embryos at
stage 8, we note that our Smad2 ChlP-Seq libraries for this stage were poor, with a high
number of duplicate reads relative to our other libraries, and that we had to pool DNA from
numerous ChlPs to generate enough material. We consider it likely that the small amount of
DNA available in a stage 8 embryo, coupled with the small percentage of DNA that is bound
by Smad?2, contributed to poor library quality. Therefore, while we present our overall data
for Smad2/3 binding at stage 8 as a potential resource, we acknowledge that more regions
may be functionally bound by Smad2/3 at stage 8 than we were able to detect. Our libraries
at stage 9 and stage 10.5, however, were very high quality, with high amounts of ChIP DNA
and a low percentage of duplicated reads (see the Experimental procedures section).

Comparing stages, we find a small number of Smad2/3 occupied regions at stage 8 (207),
which increases to 865 at stage 9 and 1024 at stage 10.5 (Fig. 3A). Smad2/3 occupied
regions are not associated with more than one developmental stage (Fig. 3B, left). This is
surprisingly distinct from what we observe with putative enhancers, which when marked at
stage 8 remain through stage 10.5 (Fig. 2D).

As Smad2/3 is known to drive cell fate specification during blastula and gastrula stages, we
sought to identify the target genes and their function. We identified 488 and 625 genes
associated with Smad2/3 occupancy at stage 9 and 10.5, respectively (Fig. 3A). We found
that only a few genes associated with a Smad2/3-bound region at stage 9 remain associated
at stage 10.5 (38/488) (Fig. 3B, right). A similar pattern is found when comparing the data
from stage 8 (data not shown). Although the role of Nodal signaling in cell fate specification
at blastula stages is well established, our results suggest that Smad2/3 binding may be highly
transient or weak during blastula stages and — while certainly it drives the expression of at
least a handful of developmental genes — this binding falls below our detection thresholds.
Lowering the false discovery cutoff did not significantly improve our ability to detect
Smad?2/3 occupancy at blastula stages. Smad2/3 is known to shuttle dynamically between
the nucleus and cytoplasm, and only accumulates in the nucleus of Xenopus cells after the
midblastula transition (Saka et al., 2007; Schmierer and Hill, 2005). Therefore, we consider
it likely that by profiling Smad2/3 binding throughout the whole embryo at blastula stages,
we are unable to capture transient events of Smad2/3 binding, which occur predominantly in
only the prospective dorsal mesendoderm.

We then asked whether a Smad2/3 occupied region is predictive of neighboring gene
transcription. To this end, we compared 3SEQ transcription levels from genes associated
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with a Smad2/3 occupied region to those genes not associated with a Smad2/3 occupied
region. We found expression data for 293 and 404 genes at stages 9 and 10.5 respectively
(see Fig. 3A) and compared the mean expression level of these gene sets with genes
expressed at each stage but not occupied by Smad2/3 (6555 and 6645 genes, respectively).
This analysis found a significant increase in transcription levels from genes associated with
Smad?2/3-occupied regions (Fig. 3C), strongly implying that Smad2/3 functions to drive
transcription at these loci.

As Nodal signaling is known to drive many developmental processes, we next examined the
overall function of genes that neighbor a Smad2/3 occupied region at each stage using
DAVID. By stage 9, we identify weak enrichment in “HMG DNA binding process”
(p=0.002), which is the top clustering term, driven by many sox and fox genes. By stage
10.5, DAVID analysis uncovers “Transcription factor activity” (p=2 10 ~13) and many other
developmental processes, including Wnt signaling (1.02 x 10 ~7), homeobox (7.83 x 10 =),
pattern specification (7.63 x 1078) and embryonic morphogenesis (5.9 x 10 ~4) (Fig. 3E,
light green). The genes represented in these categories include all the major known
downstream effectors of Nodal signaling, including xbra, eomes, otx2, sox2, sox3, nodal,
pitx1 and mix1, and many developmentally important genes, including Wnt, Tgfff and Fgf
pathway members (Supplemental Table S3). Overall, this captures the known role of
Smad?2/3 in driving critical developmental decisions during gastrulation and provides a
wealth of enhancer information for this important transcriptional network.

Nodal enhancers are found predominantly during gastrula stage

We next sought to identify putative Nodal enhancers throughout the genome during blastula
and gastrula formation in X. tropicalis. To this end, we defined which of the Smad2/3
occupied regions were also marked by both H3K27ac and H3K4mel. Surprisingly, at stage
9 only a small fraction of Smad2/3 occupied regions also contain both H3K4mel and
H3K27ac (37/865), but by stage 10.5, this has increased to 92% (941/1024) (Fig. 3D). Thus,
by the gastrula stage, nearly all regions bound by Smad2/3 also contain both H3K4me1l and
H3K27ac. To simplify nomenclature we refer to these regions as putative Nodal enhancers
throughout the remaining text. Examples of 21 well-known Nodal target genes, showing
screenshots of Smad2/3 and enhancer mark occupancy, are provided in Supplemental Fig. 1.

We next examined the function of genes associated with putative Nodal enhancers. At stage
10.5, DAVID analysis shows significant enrichment in transcription factor activity (p=6.18
x 10 ~13), Homeobox (p=2.99 x 10 ~5), Wnt signaling pathway (p=9.0 x 10 ~8), embryonic
morphogenesis (p=5.8 x 10 ~#), and pattern specification process (p=7.3 x 10 ~8) (Fig. 3E,
dark green). However, no significant enrichment in biological processes — including
developmental — was identified at stage 9 (or at stage 8). Overall, this suggests that, at stage
10.5, Nodal enhancers are robust, but that at earlier stages Smad2/3 must be weakly or
transiently bound.

We next validated the putative Nodal enhancers, by examining whether the ARES previously
identified in Xenopus laevis and mouse were found within this dataset (Kimura et al., 1997;
Ryan et al., 2000; Saijoh et al., 1999; Shiratori et al., 2001; Watabe et al., 1995). Initially,
we identified the orthologous regions of the X. tropicalis genome that correspond to the
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AREs in X. laevisand in mouse. We then compared the positions of the ARES with our
putative Nodal enhancers at stage 10.5 (Fig. 4). X. laevis contains well-characterized AREs
in the gsc and eomes promoters, which correspond perfectly to the positions of Smad2/3,
H3K4mel and H3K27ac occupancy in X. tropicalis (Fig. 4A and B). There is also extremely
good evolutionary conservation of this region between the two species, with 93.2% and
84.9% nucleotide identity between X. tropicalisand X. laevis, respectively (Supplemental
Fig. 2B and C). For pitx2, lefty, and otx2, we relied on functionally characterized ARES in
the mouse. For these regions, we performed sequence alignments between the known mouse
ARE region and the scaffold containing the X. tropicalis ortholog of each gene to identify
the corresponding sequence in the X. tropicalis genome. We find that for each gene, the
orthologous sequence in X. tropiclalis contains a predicted Nodal enhancer at the same
position as the mouse ARE, and that predicted FoxH1/Fastl and Smad2 sites are well
conserved (Fig. 4C-E; Supplemental Fig. 2C- E). As Smad2/3 binding occurs
predominantly (92%) in the presence of both H3K4mel and H3K27ac at stage 10.5, we
examined these genomic regions more closely for a broad distribution of H3K27ac and
H3K4mel surrounding narrow Smad2/3 bound regions. This distribution pattern has been
associated with enhancer elements in stem cells, mouse adult tissues and Drosophila (Bonn
et al., 2012; Creyghton et al., 2010; Rada-Iglesias et al., 2011; Zentner et al., 2011). At stage
9 and 10.5 we observe this trend clearly at many of the putative Nodal enhancers, including
at the well-characterized gsc, eomes pitx2, lefty and otx2 AREs (Fig. 4). Overall we find that
all 5 known AREs, from both X. laevis and mouse, are conserved in X. tropicalis.
Importantly, these AREs were identified as putative Nodal enhancers in this study. This
serves to validate the datasets and suggests we can effectively identify functional enhancers.

Enhancers in blastula predict where Smad2/3 will bind during gastrulation

We next examined whether putative enhancers preceded Smad2/3 occupancy during
embryonic development. While much progress has been made in identifying enhancers in
many organisms, how these enhancers are built over time to drive cell type specific
transcription is an open question. Therefore, we pulled out the 865 regions bound by
Smad?2/3 at stage 9 and examined whether these regions had previously been marked at
stage 8 by H3K4me3, H3K27ac, H3K4mel or H3K27me3. For this purpose, first we
extracted the tag densities for each mark at stage 8 surrounding the 5kb region bound by
Smad?2/3 at stage 9. Next, we visualized the patterning of these marks using TreeView
(Saldanha, 2004). We represented these results as a heatmap with each Smad2/3 occupied
region as a point on the Y axis (865) and the genomic coordinates surrounding each region
on the X axis (2500 bp on either side of Smad2/3 occupancy). We observe very little
correlation of any histone mark at stage 8 with regions occupied by Smad2/3 at stage 9 (Fig.
5A). To further define the overlap between putative enhancers at stage 8 and Smad2/3 at
stage 9, we compared the occupancy data as a Venn diagram (Fig. 5C, left). This again
reveals that very few putative enhancers at stage 8 are occupied by Smad2/3 at stage 9.
Overall, stage 8 putative enhancers do not predict Smad2/3 binding at stage 9.

We next examined whether putative enhancers at blastula predict eventual Smad2/3
occupancy at gastrulation. To this end, we performed the same analysis as above, but
compared histone marks at stage 9 with Smad2/3 occupancy at stage 10.5. Again, tag
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densities were represented as a heatmap with each Smad2/3 occupied region at stage 10.5 as
a point on the Y axis (1024) and the genomic coordinates surrounding each region on the X
axis (2500 bp on either side of Smad2/3 occupancy). We find that putative enhancer marks
at stage 9 are present in regions that will eventually be bound by Smad2/3. We also show
this association with VVenn diagrams that depict the overlap between regions marked by
H3K4mel and H3K27ac at stage 9 and those bound by Smad2/3 at stage 10.5. This analysis
shows that most Smad2/3 occupied regions at stage 10.5 contain a putative enhancer at stage
9 (650/1024, 63%; Fig. 5C, right). We next determined whether these putative enhancers
were marked even earlier at stage 8. A Venn diagram comparing putative enhancers at stage
8 with regions bound by Smad?2/3 at stage 10.5 show that, surprisingly, many putative
enhancers used by Smad?2/3 can be identified at early blastula stages (141/1024, 14%; Fig.
5D, middle). Interestingly, we find these 141 regions are associated with many known Nodal
target genes, including xbra, Ihx1, eomes, otx2, fgf8, sox2, sox3, pitx1, pitx2, fzdl, notl,
tsgl101, bambi, bmp4, sprout, hhex, irx3, foxc2, sox17b, gata3, gatad and gata6, driving the
enrichment for “Developmental protein” (8.2 x 10 ~6) using DAVID. Overall this strongly
suggests that H3K27ac and H3K4mel precede or prime particular genomic regions at
blastula stage prior to stable Smad2/3 association during gastrulation.

Chromatin enhancer marks are independent of Nodal signaling

As our data suggests that Smad2/3 is recruited to enhancers that were marked much earlier
in development, we next examined whether these marks are dependent upon Nodal
signaling. To this end, we ablated Nodal signaling by treating embryos with the drug
SB431542 at the 4 cell stage, which blocks the activity of Alk4/5 receptors and effectively
inhibits all downstream Nodal signaling in Xenopus embryos (Luxardi et al., 2010;
Skirkanich et al., 2011). Embryos treated with SB431542 fail to gastrulate as would be
expected for inhibition of Nodal signaling (see Fig. 6A). The Nodal ablated embryos were
harvested at stage 9, and examined by ChIP-Seq using antibodies against both H3K4mel
and H3K27ac to identify putative enhancers. We identified 10,806 in the SB431542-treated
embryos and 9394 in the controls. Next, we compared the putative enhancers between the
two conditions and found that 5673 were shared. Thus 60.4% (5673/9394) of putative
enhancers are shared between SB431542-treated and control embryos at stage 9 (Fig. 6B).

We next sought to determine how putative Nodal enhancers are affected after SB431542-
treatment. Previously, we identified 650 putative Nodal enhancers that were marked at stage
9 and then occupied stably by Smad2/3 only at stage 10.5 (Fig. 5B and C). We then
examined whether these 650 marks were maintained after SB431542-treatment. We find that
503 of the 650 putative Nodal enhancers maintain H3K4mel and H3K27ac marks in the
absence of Nodal signaling (77.4%; see Fig. 6C). When we associate these 503 maintained
regions to their nearest neighboring genes, we find that 99.1% of genes retain a putative
enhancer following Nodal inhibition (341/374 genes), including gsc, xbra, eomes, otx2, fgf8,
sox2, sox3 nodal1, vegT, sox17b, gatad, and gata6. In Fig. 4 we highlight that putative
enhancers at gsc, eomes, pitx2, lefty and otx2 are maintained after SB431542 treatment
(black lines demarcating position of putative enhancers at stage 9 in control and SB431542-
treated embryos). Thus, putative enhancers for critical developmental genes are marked
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normally in the absence of Smad2/3, importantly suggesting that their establishment is
independent of zygotic Nodal signaling.

In this paper, we suggest that Nodal enhancers at important developmental loci are
established early during embryogenesis—at least at blastula stages and possibly maternally.
Further, we show that these enhancers are not dependent upon Nodal signaling for their
establishment, strongly suggesting that a maternal protein is important for the identification
of these regions and the subsequent recruitment of histone variants to particular
nucleosomes. FoxH1 is known to function as a pioneer protein, which can recruit and
establish open chromatin configurations (Serandour et al., 2011; Zaret and Carroll, 2011).
As FoxH1 is also found maternally in the frog oocyte and embryo and is a well-studied
Smad?2/3 co-factor (Kofron et al., 2004), we propose that maternal FoxH1 may be
responsible for the establishment of eventual Nodal enhancers within the embryo. It will be
interesting to examine the role of FoxH1 as a potential maternal pioneer factor in
establishing developmental enhancers. Overall, we suggest that Nodal enhancers are marked
either maternally or very soon after zygotic transcription and are used transiently by
Smad?2/3 until gastrulation when they become stably bound. As it is an open question how
developmental enhancers are established during embryogenesis in the vertebrate, this paper
provides some of the first evidence showing that the chromatin is marked prior to zygotic
signals and that enhancer marks are established independent of Nodal signaling.

Experimental procedures

X. tropicalis embryo isolation and culture

X. tropicalis embryos were generated by in vitro fertilization according to published
methods (Khokha et al., 2002). Embryos were staged according to Nieuwkoop and Faber
morphological criteria. We made an extra effort to raise embryos at consistent temperatures,
so that embryos would reach a given developmental stage at a similar time following
fertilization. For Nodal inhibition, embryos were cultured in SB431542 beginning at the 4
cell stage. For each cohort of treated embryos, a few embryos were raised to stage 10.5 and
to stage 20, to confirm loss of blastopore and of dorsal anterior development.

RNA isolation and 3SEQ library preparation

Total RNA was isolated by collecting cohorts of 100 embryos into Trizol (Invitrogen). 20
mg of starting total RNA was used for each library. mMRNA was prepared from total RNA by
two rounds of purification using oligo-DT Dynabeads (Invitrogen, cat #610.06). 400 ng of
poly-A selected RNA was used for library preparation. Libraries for 3SEQ were prepared
according to published methods (Beck et al., 2010), using HPLC or PAGE purified primers,
3% NuSieve GTG agarose for gel purification, and an optimized ratio of 0.75ul primer
P7_oligodT (10 mM) per 200 ng polyA RNA for the initial heat shearing step. Primers used
were:

P7_OligoDT:
5 CAA GCA GAA GAC GGC ATACGAGCTCTTCCGATCTTTTTITTTITTTITTTT
TTTTTTTTTTVN Y
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P5_LinkerA:
5 CCG AGA TCT ACACTC TTT CCC TAC ACG ACGCTC TTCCGA TCT 3/
P5_LinkerB:

/SPHOS/GAT CGG AAG AGC GTC GTG TAG GGA AAG AGT 3’ (5 Phos required for
linker ligation)

PCR_F:

5 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC
GCTCTTCCGATCTY

PCR_R:

5 CAA GCA GAA GAC GGC ATACGAGCTCTTCTT CCGATC ¥

ChIP and ChIP-Seq library preparation

Chromatin immunoprecipitation from whole embryo lysates was performed according to
published methods (Blythe et al., 2009; Wills et al., 2013), using pools of 250 embryos.
DNA vyields from ChIP were pooled until 1ug of total DNA was generated; this 1ug of DNA
was used to generate libraries for ChlP-Seq. Antibodies used for ChIP were as follows:

Target Catalog number  Company

H3K27ac ab4729 Abcam

H3K4mel ab8895 Abcam

H3K4me3 39159 Active Motif

H3K27me3 39535 Active Motif

Smad2/3 (FL-425) sc-8332 Santa Cruz Biotechnology

ChlP-Seq data analysis

ChIP-Seq reads are mapped to xenTro2 genome using the bowtie and bwa-sa tools
(Langmead et al., 2009). GA Il and HiSeq sequencing platforms gave different yields of
alignable reads, with GA Il generally yielding 10-20 aligned million reads and HiSeq 40—
100 million aligned reads. Both platforms gave sequencing coverage that was more than
adequate to our analyses. Prior to analysis, for each library and each biological replicate, all
reads were filtered for quality, and duplicate and multimapped reads were discarded. After
discarding these reads, the remaining reads from multiple biological replicate samples were
pooled to provide greater analytical power. We pooled reads from two biological replicates
for Smad2/3 Stage 9; H3K4mel stage 8, 9, and 10; H3K4Mel Stage 8, 9 and 10.5;
H3K27ac stage 8, 9 and 10.5, and H3K4me3 stage 8, 9 and 10.5. These pooled reads were
then aligned to the xentro2 (JG14.1) X. tropicalis genome. For H3K4me3, we aligned
22,581,352; 10,828,491; and 10,227,842 reads to the genome at stages 8, 9 and 10.5,
respectively (Fig. 1 data). For H3K27me3, we aligned 59,206,117; 24,305,339; and
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37,175,470 reads to the genome at stages 8, 9 and 10.5, respectively. For H3K27ac, we
aligned 17,998,987; 76,511,738; and 50,444,132 reads to the genome at stages 8, 9 and 10.5,
respectively (Fig. 2A data). For H3K4mel, we aligned 26,879,020; 41,716,284; and
54,294,470 reads at stages 8, 9 and 10.5, respectively. For Smad2/3 we aligned 18,473,099;
27,673,586 and 7,611,088 reads to the genome at stages 8, 9, and 10.5, respectively (Fig. 3
data). Aligned ChIP-Seq files are used to call peaks with the MACS2.08 software (Feng et
al., 2012; Zhang et al., 2008) at a stringent q value of 0.00001. For histone marks, “—broad
option” of the software is used. Input datasets are also aligned to xenTro2 genome and are
used as baseline for peak calling. Called peaks are annotated using HOMER software to the
closest gene (Heinz et al., 2010). For promoter associated epigenetic marks H3k4me3 and
H3K27me3, peaks are assigned to genes only if they are in the vicinity of a transcription
start site, i.e., 1 kb upstream or downstream of TSS. To visualize peaks using UCSC
Genome Browser, HOMER software (Heinz et al., 2010) was used to generate bigWig and
bedGraph files. To intersect peaks of different marks, bedtools software (bedIntersect) was
used (Quinlan and Hall, 2010). All datasets are available in GEO: accession number
GSE56000.

3SEQ data analysis

Raw counts from 3SEQ datasets are calculated and annotated to the closest genes using the
Unipeak software (Foley and Sidow, 2013). DESeq software is used to normalize the raw
counts data and to find the differentially expressed genes (Anders and Huber, 2010). In-
house Perl scripts are used to intersect expression data with gene lists derived from the
ChIP-Seq data.

Clustering and gene ontology analysis

Tag density values around 2.5 kb up and downstream of called peaks are generated using the
HOMER software. Extracted tag density values around peaks are visualized using the
TreeView software (Saldanha, 2004).

Gene ontology analysis was performed using the “Functional Annotation Clustering” tool of
DAVID software (Huang et al., 2009a, 2009b). Gene lists were submitted using the
“Official_Gene_Symbol” preset and restricted to X. tropicalis IDs. Only categories with
enrichment values greater than 1.3 (generally corresponding to p values at or near 0.01)
were considered significant, according to the software's author recommendations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Occupancy of H3K4me3 and H3K27me3 in X. tropicalis at stage 8, 9 and 10.5. (A) Table
showing the breakdown of numbers from the ChlP-Seq datasets for H3K4me3 (top) and
H3K27me3 (bottom), including the number of regions identified and the genes that could be
associated to the regions. Each category is depicted for stages 8, 9 and 10.5. (B) Histograms
showing where the regions bound by either H3K4me3 (top) or H3K27me3 (bottom) exist
with respect to annotated TSS regions at stage 10.5. The number of bound regions is plotted
on the Y axis, with the distance from nearest TSS along the X axis. (C) Venn diagram
showing how the regions bound to H3K4me3 compare between stage 8, 9 and 10.5. (D)
Venn diagram showing how the genes associated with H3K4me3 compare between stage 8,
9 and 10.5. (E) DAVID analysis for genes associated with H3K4me3 at stage 8, 9 and 10.5
(red, yellow and green, respectively).
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Fig. 2.

Ogcupancy of H3K27ac and H3K4mel in X. tropicalis at stages 8, 9 and 10.5. (A) Table
showing the breakdown of numbers from the ChlP-Seq datasets from H3K4mel (left) and
H3K27ac (right), including the number of regions identified and the genes that could be
associated to the regions. Each category is depicted for stages 8, 9 and 10.5. (B) Venn
diagrams showing overlap between regions bound by H3K27ac and H3K4mel at stage 8, 9
and 10.5. (C) Venn diagrams showing overlap between the genes that can be associated with
a region bound by H3K27ac and/or H3K4mel. (D) Table summarizing the number of
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regions bound by both H3K4mel and H3K27ac and the associated genes at each stage.
Venn diagrams depict the overlap of either the regions or associated genes. (E) DAVID
analysis of genes associated to a region that is co-bound by H3K27ac and H3K4mel at all
stages (see intersection in Venn diagrams from (D)). X axis is the —logy of p value for each
term.
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Fig. 3.

Idgntification of putative Nodal enhancers in blastula and gastrula. (A) Identification of
regions bound by Smad2/3 and genes associated with these regions at stage 8, 9 and 10.5.
The number of genes associated with Smad2/3 bound regions is further classified into those
whose expression was detected by 3SEQ. (B) Venn diagrams comparing regions bound by
Smad?2/3 at stages 9 and 10.5 (left) and the genes that are associated to Smad2/3 binding at
stages 9 and 10.5 (right). (C) Box plot representation of transcript abundance of genes
associated with a Smad2/3 bound region (blue) and those that are not associated with a
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Smad?2/3 bound region (green) at stage 9 (293 expressed genes associated with Smad2/3
binding vs. 6555 not associated) and stage 10.5 (404 genes vs. 6645 not associated). (D)
Venn diagrams demonstrating the overlap between regions bound by Smad2/3 and regions
bound by both H3K4mel and H3K27ac at stages 9 and 10.5. (E) DAVID analysis of genes
associated with Smad2/3, H3K4mel and H3K27ac bound regions (Nodal enhancers) at
stage 9 (orange), stage 10.5 (dark green) and genes associated only with Smad2/3 bound
regions at stage 9 (yellow) and stage 10.5 (light green).
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Putative Nodal enhancers correspond to known functional enhancers in X. laevisand in
mouse. (A) Genome browser shot of the gsc locus and its regulatory regions on xentro2
scaffold 185. Scale is shown at top. The gsc gene model is shown in purple. The ChlP-Seq
read pile-up of Smad2/3 is shown in light green, with Nodal enhancer regions shown as
black bars. ChIP-Seq read pileups are shown in orange for the putative enhancer histone
marks H3K27ac (orange) and H3K4me1l (green), and the entire putative enhancer regions of
H3K4mel/H3K27ac overlap for stage 10.5, stage 9, and SB431542-treated are shown as
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black lines. Note that the putative enhancer (H3K4mel/H3K27ac marked) regions are quite
broad, while the region of Smad2/3 binding is narrow. The region corresponding to the
published activin responsive element (ARE) for gsc in Xenopus laevis is shown in red, and
the percent identity is indicated for the alignment of the X. laevis enhancer and orthologous
X. tropicalis genomic coordinates. (B) Genome browser shot, putative enhancer regions, and
known X. laevis enhancer position for eomesodermin on scaffold 26. ChIP-Seq data and X.
laevis enhancer positions are marked as above. (C) Genome browser shot, putative enhancer
regions, and known mouse enhancer position for pitx2 on scaffold 89. ChlP-Seq data and
mouse enhancer positions are marked as above. (D) Genome browser shot, putative
enhancer regions, and known mouse enhancer position for lefty on scaffold 719. (E) Genome
browser shot, putative enhancer regions, and known mouse enhancer position for otx2 on
scaffold 68.
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Fig. 5.
Deposition of enhancer marks precedes Smad2/3 binding. (A) Heat maps depicting binding

intensities of H3K27me3, H3K4me3, H3K27ac, H3K4mel at stage 8 (first four panels) at 5
kb region surrounding where Smad2/3 will bind at stage 9 (last panel). At stage 9, Smad2/3
occupies 865 regions, which is the Y axis. All regions are centered around Smad2/3 binding,
with 2.5 kb on either side (X axis). (B) Heat maps depicting binding intensities of
H3K27me3, H3K4me3, H3K27ac, and H3K4mel at stage 9 (first four panels) at 5 kb region
surrounding where Smad2/3 will bind at stage 10.5 (last panel). At stage 10.5, Smad2/3
occupies 1024 regions (Y axis). All regions are centered around Smad2/3 occupancy, with
2.5 kb on either side (X axis). (C) Venn diagrams depicting how H3K4mel and H3K27ac
present at stage 8 and stage 9 predict Smad2/3 association at stage 10.5. Left: comparison of
stage 9 Smad2/3 bound regions with stage 8 putative enhancers. Middle: comparison of
stage 10.5 Smad2/3 bound regions with stage 8 putative enhancers. Right: comparison of
stage 10.5 Smad2/3 bound regions with stage 9 putative enhancers.
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Fig. 6.

Blocking Nodal signaling does not compromise H3K4mel/H3K27ac positioning. (A)
Control embryos (left) or SB431542-treated embryos (right) showing the failure of
blastopore formation after inhibition of Nodal signaling at stage 10.5. (B) Left: bar graph
representing the number of regions marked by H3K4mel, H3K27ac, or both marks (putative
enhancers) at stage 9, in either control embryos, SB431542-treated embryos, or both
conditions (“Shared”); right: Venn diagram depicting the overlap of putative enhancers in
Control and SB431542-treated embryos at stage 9. Percentage of enhancers that are shared
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is shown in the center. (C) Left: bar graph representing the number of putative enhancers at
stage 9 that will acquire Smad2/3 binding at stage 10.5 (Nodal enhancers) in control
embryos alone (“Control”) or both control and SB431542 treated embryos (“Shared”).
Nodal enhancer regions and associated genes are both shown; right: Venn diagram showing
the overlap of Nodal enhancers (top) and associated genes (bottom) in control and
SB431542 treated embryos. The percentage of shared enhancers and genes is shown in the
center of each diagram.
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