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ABSTRACT

Digestive system development is orchestrated by combinatorial signaling interactions
between endoderm and mesoderm, but how these signals are integrated in the
genome is poorly understood. Here we identified the transcriptomes of Xenopus
foregut and hindgut progenitors, which are conserved with mammals. Using RNA-
seq and ChIP-seq we show that BMP/Smad1 regulates dorsal-ventral gene
expression in both the endoderm and mesoderm, whereas Wnt/$-catenin acts as a
genome-wide toggle between foregut and hindgut programs. Unexpectedly B-catenin
and Smad1 binding were associated with both transcriptional activation and
repression, with Wnt-repressed genes often lacking canonical Tcf DNA-binding
motifs, suggesting a novel mode of direct repression. Combinatorial Wnt-BMP
signaling was mediated by Smad1 and (3-catenin co-occupying hundreds of DNA cis-
regulatory elements, and by a crosstalk where Wnt negatively regulated BMP ligand
expression in the foregut. These results extend our understanding of gastrointestinal
organogenesis and how Wnt and BMP may coordinate genomic responses in other

contexts.
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INTRODUCTION

Embryonic development of the digestive and respiratory systems is controlled by a
reiterative series of growth factor interactions between the epithelium and
mesenchyme (reviewed in Zorn and Wells, 2009). Our understanding of how
combinatorial signals orchestrate organogenesis in animal models has been the
foundation for strategies to direct the differentiation of human pluripotent stem cells
(hPSCs) into organoids for disease modeling and regenerative medicine (reviewed in
Lancaster and Knoblich, 2014). Despite our growing knowledge of which growth
factors act where and when during organogenesis, how combinatorial signals are
integrated at the genomic level to coordinate gene expression through DNA cis-
regulatory modules (CRMs) is still poorly understood. Here we investigated how
spatially restricted BMP and Wnt signals coordinate the genomic transcriptional
programs of foregut (FG) and hindgut (HG) progenitors in Xenopus embryos.

In post-gastrula vertebrate embryos and during hPSC differentiation, Wnt and
BMP pattern the naive endoderm (endo) and mesoderm (meso) germ layers along
the anterior-posterior (A-P) axis into FG and HG progenitors (Loh et al., 2014; Zorn
and Wells, 2009). Bmp4/7 and Wnt8 ligands expressed in the ventral-posterior
mesendoderm promote HG fate and inhibit FG lineages (McLin et al., 2007; Rankin
et al., 2011; Sherwood et al., 2011; Spence et al., 2011), whereas the anterior
mesendoderm secretes Wnt- and BMP-antagonists (e.g., Dkk1, Sfrp5, Noggin and
Chordin) that protect the FG from these posteriorizing signals (De Robertis, 2009;
Green et al., 2011; Li et al., 2008). Within the meso, these same Wnt-antagonists
also promote anterior lateral plate and cardiac fates (reviewed in Gibb et al., 2013;
Klaus and Birchmeier, 2009), thus coordinating the development of the FG endo and
meso lineages. The effects of these pathways on patterning are temporally restricted
such that several hours later, spatially distinct Wnt and/or BMP signals no longer
suppress FG identity, but promote lung, thyroid, liver, pancreas and heart
organogenesis (Kenny et al., 2012; Klaus and Birchmeier, 2009; Zorn and Wells,
2009).

In both the BMP and Wnt pathways, ligand-receptor binding stimulates the
translocation of transcriptional effectors to the nucleus. Activated BMP receptors
phosphorylate cytosolic Smad1,5,8 (Smad1l), which forms a complex with Smad4
and enter the nucleus to interact with DNA-binding transcription factors, such as

Schnurri, Gata or Runx (reviewed in Gaarenstroom and Hill, 2014). In the canonical
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Wnt pathway, receptor binding results in stabilization and nuclear translocation of (3-
catenin, which interacts with DNA-binding Tcf/Lef transcription factors, displacing a
co-repressor complex containing Groucho/TLE and recruiting transcriptional co-
activators (reviewed in Cadigan and Waterman, 2012). Tcf/B-catenin and
Smadl/Smad4 both recruit co-activator complexes containing the p300 or CBP
histone acetyltransferases (HATS), which acetylate H3 histones, to promote
chromatin opening, RNA polymerase binding and transcription (Cadigan and
Waterman, 2012; Gaarenstroom and Hill, 2014).

Combinatorial Wnt and BMP signaling governs cellular responses in a variety
of development and disease contexts, and in a few well-characterized target genes
B-catenin and Smadl converge on the same DNA cis-regulatory modules (CRMs) to
stimulate transcription (reviewed in Itasaki and Hoppler, 2010). ChiP-seq of in vitro
differentiated myeloid cells indicates that 3-catenin and Smadl can co-occupy many
genomic loci suggesting this may be a widespread mechanism of signal integration
(Trompouki et al., 2011). Recent genome-scale studies in Xenopus embryos and
hPSCs have begun to reveal how B-catenin and Smad2, which transduces
Activin/Nodal signals, regulate transcription during germ layer formation and
gastrulation (Estaras et al., 2015; Gupta et al., 2014; Kim et al., 2011; Kjolby and
Harland, 2016; Nakamura et al., 2016; Tsankov et al., 2015). Despite these
advances it is still unknown how Wnt/B-catenin and BMP/Smad1 signals are
integrated in the genome to regulate cell fate choices during digestive system
organogenesis.

Here we identify the transcriptional program of FG and HG progenitors in
Xenopus laevis embryos, which are largely conserved with mammals. RNA-seq and
ChlIP-seq revealed how BMP and Wnt signals coordinate spatially restricted FG and
HG gene expression with B-catenin and Smad1l co-binding CRMs of hundreds of key
cell identity regulators. We identify a Wnt-BMP crosstalk in the FG and unexpectedly
find that many genes inhibited by BMP or Wnt are associated with Smad1 or -
catenin binding, suggesting direct repression. These findings advance our
understanding of how combinatorial signaling is integrated in the genome during
gastrointestinal development and serve as a paradigm for other development and

disease contexts.
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RESULTS

Transcriptional program of foregut and hindgut progenitors

In order to examine how BMP and Wnt regulate early gut development at the
genomic level, we first defined the FG and HG transcriptomes. Taking advantage of
large and abundant Xenopus laevis embryos we microdissected the ventral FG-
endo, FG-meso, HG-endo and HG-meso tissues from 50 sibling embryos at stage
NF20 (22 hours post fertilization; ~ 6-7 somites), and performed RNA-seq (Fig.
1A,B). This time point is similar to E8.5 in mice, when the FG is being patterned and
is still plastic. Differential expression analysis of FG (endo + meso) versus the HG
(endo + meso), identified 906 FG-enriched genes and 987 HG-enriched genes,
whereas endoderm (FG + HG) compared to the mesoderm (FG + HG) identified
3439 endo-enriched and 4829 meso-enriched transcripts (log2FC 21, FDR <5%)
(Fig. 1A-C, Fig. S1A, Tables S1, S2). These gene lists contained over 98% of well-
known FG and HG transcripts (n=74) manually curated from mouse and
differentiated hPSCs, confirming the extensive conservation (Fig. S1B, Table S3).
FG-endo included the transcription factors hhex and pdx1, while the FG-meso
included key regulators of cardiac (hand2), myeloid (spib and cebpa) and endothelial
(fliz) lineages (Fig. 1D). Gene Ontology (GO) analysis showed epithelial, vasculature
and circulatory system development among the top FG-enriched terms (Fig. S1C).
The HG transcriptome was enriched for GO terms related to A-P patterning and
included the key intestinal regulators cdx1, 2 and 4 in the HG-endo, and homeobox
genes hox5-11 in the HG-meso (Fig. 1D, Fig. S1B,C, Table S1).

BMP and Wnt regulate gut tube patterning

Consistent with a role in patterning, GO terms related to Wnt and BMP were
enriched in the FG and HG datasets (Fig. S1C). Examination of BMP and Wnt
pathway components in the total RNA-seq data indicated that BMP ligands (bmp2, 4
and 7), receptors (bmprla, bmpr2) and BMP-target genes (id3 and szl) were variably
expressed in both FG and HG tissues, with no obvious A-P difference (Fig. S1D). In
contrast, Wnt ligands were enriched in the HG while Wnt-antagonists (dkk1, sfrp2
and sfpr5) were restricted to the FG-endo (Fig. S1D).
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We next compared the levels of nuclear (n)p-catenin and pSmad1l
immunostaining in FG and HG domain, which are marked by hhex and ventx2
respectively (Fig. 1E) (McLin et al., 2007). Consistent with previous reports, the
gastrula NF11 anterior mesendoderm (presumptive FG) had low levels of both
pSmadl and (n)B-catenin, while the posterior mesendoderm (presumptive HG) was
the opposite (Schohl and Fagotto, 2002). After gastrulation, at stage NF20, (n)p-
catenin was still low in the FG and high in the HG, however we observed an up-
regulation of pSmad1 in the ventral (but not dorsal) FG (Fig. 1F), consistent with the
known de novo expression of bmp2/4/7 in the pre-cardiac FG-meso (Kenny et al.,
2012). Thus during FG-HG patterning, BMP and Wnt are differentially active along
orthologous axes; pSmad1 is high in the ventral and low in the dorsal FG and HG,
whereas (n)B-catenin is low in the FG and high in the HG (Fig. 1G).

We next examined the impact of BMP or Wnt inhibition on progenitor
patterning by treating embryos with the BMP-receptor inhibitor DMH1 (40 uM), or
inhibiting Wnt with a heatshock inducible Dkk1 transgenic line Tg(hsp70:dkk1) (Lin
and Slack, 2008). We added DMHL1 or heatshock between stages NF12-20, during
FG-HG patterning but after gastrulation to avoid disruption of axial patterning. BMP-
inhibition reduced both hhex and ventx2.1, whereas Wnt-inhibition expanded hhex
and reduced ventx2.1 expression (Fig. S1E). To test whether these changes in
patterning impacted subsequent organogenesis, we analyzed organ lineages at
NF35. BMP inhibition between NF12-20 resulted in an expansion of the dorsal
esophageal marker sox2, and loss of liver (nrlh5), lung (nkx2-1) and heart (nkx2-5).
In contrast, Wnt-inhibition expanded the liver (nr1h5) and reduced the intestinal
marker (darmin) (Fig. S1E). Thus spatially restricted Wnt and BMP pattern the FG

and HG progenitors.

BMP-regulated foregut and hindgut transcriptome

To identify BMP-regulated transcripts, we isolated FG and HG explants (containing
both endo and meso) from DMH1 or vehicle treated NF20 embryos and analyzed
these by RNA-seq (Fig. 2A). Transcripts with reduced expression in DMH1
compared to controls were classified as normally activated by BMP (n=697), while
increased expression in DMHL1 indicated that they are repressed by BMP (n=1063)
(log2FC 21, FDR <5%) (Fig. 2B, Fig. S2A,B, Tables S2, S4). Eight genes showed
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variable regulation by DMH1 and were not included in further analysis (Fig. S2B),
resulting in 1760 unique BMP-regulated genes. Approximately 17% (155/906) of
FG-enriched genes were activated by BMP, whereas 21% (185/906) were
repressed. Of the HG-enriched transcripts, 10% (97/987) were activated by BMP and
9% (89/987) were repressed (Fig. 2B). BMP-activated genes were enriched for GO
terms related to cardiovascular, blood vessel and digestive system development,
while BMP-repressed genes were enriched for skeletal and renal system, indicative
of dorsal gene expression, normally low in FG and HG explants (Fig. S2C).

BMP signaling was required to maintain expression of key posterior
homeobox genes cdx2, cdx4, ventx2 and msx1 in both the HG-endo and HG-meso
(Fig. 2C-E). The role of BMP was more complex in the FG. Approximately 85% of
the BMP-regulated FG-endo genes appear to be repressed by BMP (Fig. 2C,D), in
contrast to the FG-meso where BMP was required for ~60% of the BMP-regulated
genes including known regulators of the heart (tbx20 and hand2) and myeloid (spib
and cebpa) lineages (Fig. 2D).

BMP regulates dorsal-ventral patterning of the early foregut

Although most BMP-regulated FG-endo genes were repressed, a few FG-endo
genes required BMP for their expression, including hhex and sfrp5 (Fig. 2D,E), which
are implicated in liver and ventral pancreas development (Li et al., 2008; McLin et al.,
2007). Together with the observation that the ventral FG has higher nuclear pSmadl
levels than the dorsal FG (Fig. 1F) this prompted us to examine dorso-ventral (D-V)
patterning in more detail.

Since some digestive organs, including the esophagus, stomach, intestine
and pancreas originate from both ventral and dorsal endoderm cells (Chalmers and
Slack, 2000), we hypothesized that ventral and dorsal transcripts might be
differentially regulated by BMP. Unsupervised clustering of BMP-regulated
transcripts in control and DMH1-treated FG explants along with isolated dorsal
explants (which contain a thin layer of dorsal endoderm), revealed that the DMH1-
treated FG had an expression profile similar to dorsal tissue, suggesting that BMP
represses dorsal lineages (Fig. S2D). In situ hybridization confirmed that DMH1
treatment reduced the expression of ventral FG genes sfrp5 (endo), cebpa (myeloid)
and nkx2.5 (cardiac), whilst causing the expansion of dorsal endo transcripts mnx1

and hrg and the paraxial meso gene foxc2. Injection of BMP2 protein into the FG had
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the opposite effect causing an expansion of ventral genes, and repression of dorsal
markers (Fig. 2E, Fig. S2E). Thus in the FG between stages NF12-20, BMP
promotes ventral (presumptive liver, lung, cardiac) and represses dorsal fates

(presumptive esophagus, kidney and paraxial mesoderm).

Smadl chromatin binding to BMP-regulated hindgut and foregut genes

In efforts to identify direct BMP target genes we performed Smadl ChIP-seq on
NF20 embryos and identified 7976 Smad1 peaks, located within +/- 20kb of 5252
genes (Fig. 3A, Table S5). This represents ~18% of the 45,099 predicted genes in
the allotetraploid Xenopus laevis genome (Session et al., 2016). Smad consensus
DNA-binding sites, as well as Gata and Thx motifs were enriched in Smad1l peaks
(Fig. 3B). Specificity of the Smad1l antibody was confirmed by reduction of Smad1
binding to known BMP-target genes msx1, id3 and ventx2.1 (Karaulanov et al.,
2004) upon DMHL1 treatment (Fig. S3A,B). Of the Smad1l peaks, 27% overlapped
with p300 ChlP-seq peaks indicative of active transcription, and ~56% of the Smad1
associated genes had detectable expression in NF20 embryos (Fig. S3C,D).

Of the total 1760 BMP-regulated genes in the FG or HG (from Fig. 2B), ~35%
(615/1760) were associated with Smad1-binding, a statistically significant enrichment
based on a hypergeometric test (HGT) (2.7 fold enrichment (FE), p<0.05) (Fig. 3A).
These included 48% of the BMP-activated HG genes (47/97, 3.7 FE, HGT *p<0.05),
such as cdx2, ventx2.1 and msx1, consistent with direct activation by Smad1l (Fig.
3C,D). In contrast, Smad1-binding was only associated with 17% (26/155) of BMP-
activated FG genes such as hand2 (meso) and hhex (endo) (Fig. 3C,D), suggesting
that most BMP-activated FG genes are indirect targets. Unexpectedly, Smad1-
binding was more associated with BMP-repressed genes (n=410) than with BMP-
activated genes (n=205). Indeed, ~55% of BMP-repressed FG genes (103/185, 4.3
FE, HGT *p<0.05) and ~49% of BMP-repressed HG genes (44/89, 3.8 FE, HGT
*p<0.05) were associated with Smadl peaks, suggesting direct BMP repression,
including dorsal genes such as foxc2 and mnx1 (Fig. 3D). Analysis of p300 co-
occupancy on different classes of Smadl peaks did not however show a statistically
significant enrichment on activated versus repressed genes, presumably because
the ChIP was done on whole embryos containing both expressing and non

expressing cells. In sum, about a third of the BMP regulated FG and HG
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transcriptome was associated with Smad1-binding suggesting direct transcriptional

activation and repression.

Canonical Wnt promotes hindgut and represses foregut transcriptomes
To determine the genomic basis of Wnt-mediated A-P patterning, we performed
RNA-seq on FG and HG explants (endo + meso) from NF20 embryos where Wnt/(3-
catenin activity was either activated with BIO treatment or inhibited with secreted
Whnt-antagonist Dkk1 expressed from Tg(hsp70:dkk1) from stages NF12-20 stages
(Fig. 4A). Transcripts repressed by Dkk1 or induced by BIO, relative to controls,
were considered Wnt-activated, while transcripts up regulated by Dkk1 or repressed
by BIO were considered Wnt-repressed (Fig. S4A). Differential expression analysis
identified 959 Wnt-activated transcripts and 2032 Wnt-repressed transcripts (log2FC
=1, FDR =5%). 41 transcripts showed variable regulation by BIO and Dkk1 and were
not included in further analysis (Fig. 4B, Fig. S4A, Tables S2, S6). Thus we classified
a total of 2991 Wnt-regulated genes. Interestingly, over half of the FG-enriched
genes (496/906) were repressed by Wnt, whereas only 3% (28/906) were activated.
HG-enriched genes exhibited the opposite behavior, with 25% (247/987) being Wnt-
activated and only 6% (57/987) repressed (Fig. 4B). GO term enrichment showed A-
P patterning among the top terms for Wnt-activated genes, while Wnt-repressed
genes were enriched for terms related to the circulatory system, consistent with the
known role of Wnt in repressing early cardiac fate (Fig. S4B). Unsupervised
clustering of FG and HG transcript levels in the various experimental conditions
revealed that BIO-treated FG samples cluster with HG samples, indicating a
genome-scale switch from FG to HG upon Whnt stimulation (Fig. 4C), which is also
clearly shown in the scatter plots (Fig. 4D, Fig. S4C,D).

Wnt had the same impact on endo and meso transcripts - repressing in the
FG and activating in the HG - regardless of germ layer. Wnt-repressed FG
transcripts included hhex and sfrp2 in the FG-endo, as well as spib and hand2 in the
FG-meso. HG transcripts activated by Wnt included ventx2.1 and cdx2 in the HG-
endo, as well as hoxa9 and hoxd10 in the HG-meso (Fig. 4E). In situ hybridization
confirmed that Dkk1 expanded expression of the FG genes gata4, cebpa and tbx1,

whilst reducing the HG transcripts cdx2 and msx1, with BIO treatment having the
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opposite effect (Fig. 4F). Thus Wnt/B-catenin acts as a genome wide switch,

promoting the HG transcriptional program and repressing the FG program.

Chromatin binding of B-catenin is associated with activation of HG and
repression of FG genes
To determine how Wnt regulates A-P patterning at the genomic level, we performed
B-catenin ChlP-seq on stage NF20 control and BIO-treated FG and HG explants
(Fig. S5A). We merged sequence files from the four different ChiPs to call p-catenin
peaks. This identified 16303 B-catenin peaks associated with 11007 genes (+/-20kb)
(Fig. 5A, Fig. S5B, Table S7), which represents ~24% of the genes in the genome.
As expected, (B-catenin peaks were enriched for Tcf/Lef DNA-binding motifs and
ChIP-PCR of known Wnt-target genes in Tg(hsp70:dkkl) embryos confirmed the
expected reduction in 3-catenin binding (Fig. S5C,D).

Of the 11,007 genes associated with B-catenin peaks only 1,243 (~11%) were
Wnt regulated based on our RNA-seq data (Fig. 5A), suggesting that ~90% of all
genomic B-catenin binding events in the FG or HG tissue were not associated with
Whnt-regulated transcription, similar to recent findings in the Xenopus gastrula
(Nakamura et al., 2016). Of all Wnt-regulated genes, ~41% (1243/2991, 1.5 FE, HGT
p<0.05) were associated with B-catenin peaks, including 73% (180/247, 2.7 FE, HGT
*p<0.05) of the HG-enriched Whnt-activated genes (Fig. 5Aa), suggesting direct
regulation. Unexpectedly, 42% (208/496, 1.6 FE, HGT *p<0.05) of all FG-enriched
Wnt-repressed genes were also associated with B-catenin peaks (Fig. 5Ab),
suggesting direct repression. This was surprising since B-catenin is usually thought
to stimulate transcription and thus we expected that Wnt would indirectly repress FG
genes. We next assessed whether activation or repression correlated with changes
in recruitment of B-catenin to chromatin through differential peak enrichment analysis
of control versus BIO explants (Fig. 5B). As expected, 88% (159/180) of the Wnt-
activated HG genes had increased B-catenin binding in BIO-treated FG tissue, as
exemplified by cdx2 (Fig. 5Ba’,C). Surprisingly, among the 208 Wnt-repressed FG
genes (Fig. 5Ab), we observed different behaviors; 59 genes were associated with
increased B-catenin binding upon BIO treatment (Fig. 5Bb’), 43 genes experienced
reduced B-catenin binding (Fig. 5Bb”), whereas 91 Wnt-repressed genes had no

change in B-catenin (Fig. 5B). For example, B-catenin binding near the sfrp2
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promoter was increased upon BIO treatment, whereas the nkx2-3 peak was reduced
(Fig. 5C). Plotting the average tag density of these different classes of peaks
confirmed the significant changes in pB-catenin recruitment upon BIO treatment (Fig.
5D, Fig. S5E,F). These data suggest that, in the context of Wnt-repressed genes,
elevated nuclear B-catenin levels (from BIO) do not necessarily correlate with
increased chromatin recruitment.

We next performed p300 ChIP-seq in control and BIO treated FG and HG
tissue to determine how recruitment of the HAT co-activator complex correlated with
changes in B-catenin binding (Fig. 5E, Table S7). Examination of individual genes
such as cdx2 (Fig. 5C), as well as average tag density analysis confirmed that p300
was recruited to p-catenin peaks of HG Wnt-activated genes upon BIO treatment
(Fig. 5E, Fig. S5E). For both classes of Wnt-repressed FG genes, with either
increased B-catenin (e.g. sfrp2) or reduced B-catenin (e.g. nkx2-3) recruitment upon
BIO, we observed a trend of reduced p300 recruitment to -catenin peaks,
consistent with repression (Fig. 5C), although this was not statistically significant
(Fig. 5E, Fig. S5F). To further investigate how B-catenin recruitment might activate
some genes and repress others, we performed motif enrichment analysis on different
classes of peaks. Tcf was the most enriched motif in HG Wnt-activated peaks.
Surprisingly, Tcf DNA-binding sites were not enriched in B-catenin peaks from FG
Whnt-repressed genes; rather these were enriched for Gata, Sox and TEAD motifs
(Fig. 5F), suggesting that other DNA-binding proteins might form co-repressor

complexes with B-catenin.

Smad1l and B-catenin converge on common CRMs to coordinate transcription
We next investigated the extent to which BMP and Wnt cooperate to regulate FG
and HG transcription. A comparison of BMP-regulated and Smadl1-bound genes with
Whnt-regulated and B-catenin-bound genes revealed 229 coordinately regulated
genes (Fig. 6A, Fig. S6A). Of these, 33 genes had a total 111 non-overlapping
Smadl and p-catenin peaks suggesting regulation through separate CRMs, while
the other 196 genes had a total of 369 overlapping B-catenin and Smadl peaks
suggesting co-occupied CRMs (Fig. 6B). This included 21 genes activated by both
pathways, primarily regulatory factors known to confer HG fate like cdx2, ventx2 and

msx1 (Fig. 6C,D). 62 genes with overlapping B-catenin/Smadl peaks were Wnt-
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activated but BMP-repressed, many of which had a paraxial and intermediate
mesoderm signature, whereas 55 genes were repressed by both Wnt and BMP
including FG genes irx1-3, sfrp2 and tbx1. Finally, a group of 56 genes were BMP-
activated and Wnt-repressed, including the ventral FG-endo gene hhex, cardiac
genes such as nkx2-3 as well as bmp4, bmp7 and the BMP-target gene szl (Fig.
6C,D, Table S8). Although comparable FG and HG datasets are not available in
mammals, examination of public ChiP-seq data from human ES and transformed cell
lines (Estaras et al., 2015; Tsankov et al., 2015; Watanabe et al., 2014) revealed that
~47% (92/194) of the human orthologs have B-CATENIN and/or SMAD1 peaks in
regions of the genome syntenic to the co-occupied peaks in Xenopus (Fig. S7, Table
S9) suggesting considerable conservation.

Motif analysis of these distinct classes of co-regulated genes revealed
differential enrichment for Tcf, Smad, Gata, Lhx and/or Foxa sites (Fig. 6E)
suggesting that different transcription factors probably influence whether p-catenin
and Smad1l recruitment to chromatin results in transcriptional activation or
repression. As a proof-of-principle that co-bound CRMs are coordinately regulated
by Wnt and BMP, we tested the hhex distal region (lacking a Tcf-motif) and a cdx2
intronic region (that contains a Tcf-motif) in embryo injection luciferase reporter
assays (Fig. 6F). The cdx2:luc reporter was more active in the HG than the FG as
expected, whereas the hhex:luc was active in both the FG and the HG, indicating
that this CRM alone was not sufficient to confer FG restricted expression. As
predicted, both hhex:luc and cdx2:luc were repressed upon DMH1 treatment (Fig.
6F), consistent with both genes being BMP-activated. On the other hand, BIO
suppressed the hhex:luc construct but stimulated cdx2:luc activity consistent with
Wnt repressing the FG gene hhex and activating the HG gene cdx2 (Fig. 6F).These
data indicate that binding of Smad1l and p-catenin to the same CRMs coordinate Wnt
and BMP responsive gene expression to pattern the FG and HG progenitors.

The observation that the bmp4 and bmp7 loci are repressed by Wnt and
activated by BMP, and that they both had CRMs with overlapping B-catenin and
Smad1 peaks suggested an additional layer of Wnt-BMP signaling crosstalk (Fig.
S6B). In situ hybridization confirmed that Wnt negatively regulates expression of
bmp4/7 as well as bmp2 in the FG, and to a lesser extent in the HG. In contrast BMP

signaling was required to maintain robust bmp2/4/7 expression in both the FG and
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HG (Fig. S6C,D). Interestingly, in the gastrula (when the BIO and DMHL1 treatment is
started) bmp2 is expressed in the anterior mesendoderm (future FG), a low Wnt
environment, whereas bmp4/7 are expressed in the ventral/posterior mesendoderm
(future HG) a high Wnt environment (Hoppler and Moon, 1998). Taken together this
suggests that low Wnt is required to maintain bmp2 in the presumptive FG, which
then initiates a known positive BMP feedback loop to promote bmp4/7 expression in
the FG (Karaulanov et al., 2004; Kenny et al., 2012) (Fig. 7A).

Overall these data reveal a complex BMP-Wnt gene regulatory network that
coordinates A-P and D-V patterning of the FG and HG progenitors (Fig. 7A), with B-
catenin and Smad1l converging on CRMS to regulate both transcriptional activation
and repression (Fig. 7B, Table S10).

DISCUSSION
In embryonic development and hPSC differentiation, combinatorial growth factor
signaling controls cell fate decisions, but how these signals coordinate gene
expression at the genomic level is poorly understood. We investigated how BMP and
Wnt signaling, differentially active along orthologous embryonic axes, are integrated
in the genome to coordinate the FG and HG transcriptomes (Fig. 7A). BMP/Smad1
activity, high in the ventral and low in the dorsal gut tube, regulates D-V identity in
the FG, and promotes expression of key HG genes. On the other hand, low Wnt/B-
catenin activity is required for FG fate, while high Wnt induces HG and represses FG
transcription. We defined Smad1- and p-catenin-bound CRMs of many Wnt- and
BMP-target genes, including lineage specifying transcription factors. Our data
suggest a much more complicated regulatory landscape than previously appreciated
with Smad1l or B-catenin binding correlated with either activation or repression, and
combinatorial Wnt and BMP signaling converging on hundreds of common CRMs to
regulate FG and HG specific responses (Fig. 7, Table S10). While there are many
aspects of the model to be resolved with detailed cis-regulatory analysis, this
provides a framework for understanding how B-catenin and Smad1l are integrated in
the genome to control early gut patterning.

We found that combinatorial Wnt and BMP signaling coordinates A-P and D-V
patterning in the Xenopus embryo in a manner, almost identically to recent hPSC

differentiation protocols where BMP"/Wnt" specify general FG-endo, but
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BMP""\Wnt°" promote ventral FG lineages (Green et al., 2011; Loh et al., 2014).
BMP"9"Wnt'" also promotes cardiac, myeloid and endothelial fates, whilst
repressing intermediate and paraxial mesoderm fates, which require BMP""/wWnt"o"
(Loh et al., 2016). Finally, BMP"9"\Wnt"" promotes intestinal fate (Spence et al.,
2011).

Our ChlP-seq results suggest a model for how this differential Wnt and BMP
signaling regulates FG and HG transcription (Fig. 7B), and identified hundreds of
putative B-catenin and Smadl-bound CRMs associated with known and novel target
genes. In a comparison to recent 3-catenin ChiP-seq of Xenopus gastrula, we found
that 81% (695/849) of X. laevis (Kjolby and Harland, 2016) and 43% (1970/4529) of
X. tropicalis (Nakamura et al., 2016) genes associated with B-catenin occupancy at
the gastrula were also in our dataset. These included HG homeobox genes such as
cdx2, ventx1, hoxd1l and msx1, consistent with Wnt promoting the expression of
these posterior genes starting at gastrulation. We also identified several hundred
genes co-regulated by Wnt and BMP that exhibit overlapping p-catenin and Smadl
peaks, many of which appear to be conserved in humans based on public ChIP-seq
data from hPSCs and transformed cell lines (Benahmed et al., 2008; Gaunt et al.,
2003; Tsankov et al., 2015; Watanabe et al., 2014), suggesting a conserved
paradigm.

Most BMP-activated genes in the FG were not associated with Smad1-
binding, suggesting indirect regulation. Despite this, a small cohort of genes
encoding lineage-specifying transcription factors such as, nkx2-3, nkx2-5, hand2,
spib, gata5, and hhex were associated with Smad1-bound CRMs. In the case of
Nkx2-5 this Smadl-bound CRM is conserved in mammals (Lien et al., 2002), and
public ChlP-seq data from hPCS indicates that SMAD1-binding can also occur at the
human HHEX loci (Tsankov et al., 2015) (Fig. S7). This suggests that in the FG,
BMP/Smadl initiates a cascade of transcription factors that promote cardiac,
myeloid and hepatic fates. Gata motifs were enriched in our Smadl peaks,
suggesting they might be key components of this regulatory cascade. Gata factors
are known to be required for cardiac and foregut development and can physically
interact with Smad1 to regulate target gene transcription (Benchabane and Wrana,
2003; Brown et al., 2004; Haworth et al., 2008; Rossi et al., 2001; Trompouki et al.,
2011; Xuan et al., 2012).
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For most BMP- and Wnt-activated genes, our data support the canonical
model of Smad1l and B-catenin associating with DNA-binding proteins (Tcf in the
case of B-catenin) to recruit HAT co-activator complex and stimulate transcription.
Unexpectedly about 55% of BMP-repressed and 73% of Wnt-repressed FG genes
associated with Smad1 and p-catenin peaks, respectively, suggesting direct
repression. Motif analysis indicated that these peaks were not enriched in consensus
Tcf or Smad DNA-binding sites; Wnt-repressed genes were enriched for Gata, Sox
and TEAD motifs, whilst BMP-repressed genes were enriched for Gata, Lhx and
Nkx. Transcriptional repression by Smad or B-catenin has only been documented in
a handful of cases. For example, Smad1 can bind to Nkx2-3 on DNA and recruit
Sin3/HDAC1 co-repressors to inhibit reporter construct expression in response to
BMP signaling (reviewed in Blitz and Cho, 2009; Kim and Lassar, 2003; Marty et al.,
2000), consistent with Nkx motifs in many of our Smad1 peaks (Fig. S3E). In
mammalian and Drosophila cells, B-catenin can recruit co-repressor complexes to
repress e-cadherin and dpp (bmp) transcription respectively (Jamora et al., 2003;
Olson et al., 2006; Theisen et al., 2007), consistent with Wnt repression of bmp4/7
that we observed in the FG. In recent years, a number of transcription factors have
been shown to interact with B-catenin in different cellular contexts, including Sox,
homeobox and TEAD (Estaras et al., 2015; reviewed in Kormish et al., 2010),
suggesting that different DNA-binding proteins determine whether Smad1 or -
catenin recruit co-activator or co-repressor complexes.

Interestingly most Wnt-repressed FG genes had -catenin peaks in both FG
and HG tissues. One possibility is that the FG explants contained some HG cells,
consistent with low levels of cdx2 mRNA and expression of the cdx2:luc reporter in
the FG. Alternatively, B-catenin activity levels might impact a switch between
activation and repression, since we have previously shown that low levels of
Wnt/Fzd7 are required for hhex expression, while high levels are inhibitory (Zhang et
al., 2013). However, unlike Wnt-activated genes, BIO treatment (which inhibits GSK3
and stabilizes B-catenin) did not strictly correlate with increased B-catenin
recruitment to Wnt-repressed FG genes. Since GSK3, has other substrates besides
-catenin (Ding et al., 2000; Wu and Pan, 2010), is it possible that some of the BIO

regulated gene expression is Wnt-independent.
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Another striking observation was that the majority of Smadl and B-catenin
peaks were not associated with BMP or Wnt regulated transcription. This is similar to
recent findings in Xenopus gastrula and hPSCs (Nakamura et al., 2016; Tsankov et
al.,, 2015), and is consistent with an emerging concept that transcription factor
binding is pervasive throughout the genome even when they are not engaged in
productive transcription (Nakamura et al., 2016; reviewed in Skalska et al., 2015).
One possibility is that these B-catenin/Smadl binding events are due to earlier
Wnt/BMP signaling. Indeed ~40% of our stage NF20 B-catenin-bound genes were
also reported in B-catenin ChlP-seq from Xenopus tropicalis gastrula (NF10.5)
(Nakamura et al., 2016). This is consistent with the idea that B-catenin and/or Smad
binding can prime genes for future activation, perhaps by modulating epigenetic
poising and/or interacting with pioneering factors, which are important for gut tube
lineages (Blythe et al., 2010; Loh et al., 2014; Tsankov et al., 2015; Wang et al.,
2015)

In summary this study has advanced our understanding of how BMP/Smad1l
and Wnt/B-catenin signaling are integrated in the genome to regulate FG and HG
transcriptional programs, which should inform hPSC differentiation mechanisms and
how Wnt and BMP interact in other development and disease contexts.
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MATERIALS AND METHODS

Embryo experiments and manipulations

Animal experiments were performed according to CCHMC IACUC approved
protocols. Xenopus laevis embryos were staged according to Nieuwkoop and Faber
(Nieuwkoop and Faber, 1967). Injections, small molecule treatments, luciferase
assays (see supplementary Materials and Methods), in situ hybridizations and
immunostaining were performed as previously described (McLin et al., 2007). Protein
injections into the closing blastocoel of the foregut were performed at stage NF12,
with either 40 nl of recombinant human BMP2 (5.8 uM; R&D Systems) in PBS +
0.1%BSA or PBS + 0.1%BSA as control. Embryos were cultured from stages NF12-
20 with either DMSO vehicle in 0.1XMBS or DMH1 (40 uM; TOCRIS) or BIO (60 pM;
TOCRIS) dissolved in DMSO. Stage NF12 transgenic Xenopus laevis
Xla.Tg(hgem:Xtr.dkk1)’™"*, referred to as Tg(hsp70:dkk1) (Lin and Slack, 2008),
were heatshocked at 37°C for 30 minutes followed by incubation at 13°C to NF20.
For immunofluorescence we used anti-phospho-Smad1/5/8 (1:300, Cell Signaling
Technology, 13820S) and anti-p-catenin (1:300, Santa Cruz Biotechnologies, sc-
7199).

Genomic analysis
RNA/DNA-seq analyses were performed using the Xenopus laevis genome v9.1,
(Session et al., 2016). Since Xenopus laevis is allotetraploid most genes contain two
copies, designated as .L or .S (eg. cdx2.L and cdx2.S). For simplicity we dropped the
.L or .S in most figures, however this is reported in all the supplementary gene lists.
For each RNA-seq sample, 50 explants were microdissected and when
necessary cultured in 10 pg/ml dispase for 15-20 minutes to separate endo and
meso. Total RNA was extracted from two or three independent biological replicates
and libraries were sequenced with ~7-10 million reads/library with 75 bp length.
Quiality trimmed reads were mapped to the X. laevis genome 9.1, quantified using
RSEM and mapped with bowtie2 using default thresholds (Li and Dewey, 2011).
Differential gene expression analysis was carried out with RUVSeq (Risso et al.,
2014) with log2FC 21 or =-1, p <0.05 and FDR <5%.
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ChIP was carried out as previously described (Akkers et al., 2012; Blythe et
al., 2009) with 25-50 whole embryos or 100 FG or HG explants using the following
antibodies: anti-Smad1 (Invitrogen, 38-5400), anti-B-catenin (Life technologies,
712700) and anti-p300 (Santa Cruz sc-585 X). Libraries were sequenced with ~30
million reads/library. Reads were mapped to the X. laevis genome assembly v9.1
using Bowtie2 at default thresholds (Langmead and Salzberg, 2012). ChiP-seq
peaks were called using MACS2 at default thresholds (Zhang et al., 2008).
Irreproducibility Discovery Rate (IDR) was performed with standard thresholds (Li et
al., 2011). Publicly available data for SMAD1 (GSM1505734), and B-CATENIN
(GSM1579346 and GSM1303695) (Estaras et al., 2015; Tsankov et al., 2015;
Watanabe et al., 2014) were processed with bowtie and MACS2 using BioWardrobe
Toolkit at default thresholds (Kartashov and Barski, 2015). For further details of
RNA-seq analysis, ChIP and ChIP-seq analysis, see the supplementary Materials
and Methods.
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Fig. 1: Transcriptional program of FG and HG progenitors correlates with differential
BMP and Wnt signaling.

(A) Fate map showing that FG progenitors (yellow) give rise to lungs, liver, pancreas and
stomach, whereas HG progenitors (green) give rise to intestine (Chalmers and Slack, 2000).
(B) Experimental design. RNA-seq was performed on FG-endo, FG-meso, HG-endo and
HG-meso explants dissected from stage NF20 embryos. Differentially expressed transcripts
were identified by pairwise comparisons of FG (endo and meso) versus HG (endo and
meso), as well as endo (FG and HG) versus meso (FG and HG) tissue (log2 fold change
(FC) =-1 or 21, false discovery rate (FDR) <5%). (C) Venn diagram showing the intersection
of two separate differential expression analysis: FG versus HG and endo versus meso,
showing mutually exclusive lists of transcripts with enriched expression. (D) Heatmap
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clustering of the 906 FG-enriched and 987 HG-enriched genes showing expression in the
indicated tissues with representative FG (orange) and HG (green) genes listed on the right.
(E) In situ hybridization of sagittal bisected stage NF20 embryos with hhex and ventx2.1
marking FG and HG domains, respectively. (F) BMP and Wnt activity shown by pSmadl
(red) and nuclear (n)p-catenin (red) immunostaining in NF20 embryos. Nuclei staining with
DAPI (green) (G) pSmad1 is high in the ventral and low in the dorsal FG and HG, whereas
(n)B-catenin is low in the FG and high in the HG.
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Fig. 2: BMP signaling coordinates D-V patterning.

(A) Experimental design. FG and HG (endo + meso) explants were dissected from DMSO
and DMH1 treated NF20 embryos and submitted for RNA-seq (in triplicate). (B) Venn
diagram showing overlap of FG-enriched genes, HG-enriched genes and BMP-activated and
repressed transcripts (log2FC =1, FDR <5%); see Fig. S2B for details. (C) Expression
heatmap clustering of FG-endo, FG-meso, HG-endo and HG-meso enriched transcripts in
vehicle and DMH1-treated explants. (D) Different categories of BMP activated (ACT) or
repressed (REP) transcripts based on whether the gene is normally enriched in the endo,
meso or expressed in both endo and meso (en=me). (E) In situ hybridization of vehicle
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control, DMH1-treated or BMP2 injected stage NF20 embryos in mid-sagittal section (cdx2,
sfrp5, cebpa and nkx2-5; anterior left and dorsal up) or cross section (mnx1 and hrg; dorsal
up, white lines indicate expression domain), n>20 for each probe.
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Fig. 3: Smad1l chromatin binding to BMP-regulated genes.

(A) Smadl ChlP-seq analysis of NF20 whole embryos identified 7976 peaks within +/- 20 Kb
of 5252 genes. The Venn diagram intersecting 5252 Smadl-bound genes with the 1760
BMP-regulated genes (from Fig. 2B) grouped as FG-enriched (n=340), HG-enriched (n=186)
or expressed at similar levels in the FG and HG (FG=HG; n=1234), identifies 615 BMP-
regulated genes associated with Smadl-binding, BMP-activated genes in red and BMP-
repressed in blue. *Statistically enriched based on hypergeometric test (p<0.05). (B) DNA-
binding protein motif enrichment analysis of 7976 Smadl peaks. (C) Chart illustrates
Smad1l-bound genes within the different categories of BMP-activated (ACT) and repressed
(REP) genes. (D) Genome browser view of Smadl peaks on BMP-activated HG gene cdx2,
and ventral mesoderm hand2, as well as BMP-repressed dorsal genes foxc2 and mnx1. Red
boxes indicate statistically significant Smadl peaks.
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Fig. 4. Wnt signaling promotes HG transcriptional program and represses FG
transcriptional program.

(A) Experimental design. FG and HG (endo + meso) explants were dissected from DMSO,
BIO and Tg(hsp70:dkk1) NF20 embryos and submitted for RNA-seq (in triplicates). (B) Venn
diagram illustrates overlap of FG-enriched, HG-enriched, Wnt-activated and Wnt-repressed
genes (log2FC <-1 or 21, FDR =5%); see Fig. S4A for details. (C) Unsupervised clustering of
FG- and HG-enriched genes, showing that BIO-treated FG has an expression profile similar
to HG control. (D) Scatter plot showing log2FC in expression between control, BIO and
Tg(hsp70:dkkl) FG and HG explants. Transcripts are colored based on the normal control
expression; HG-enriched in green, FG-enriched in orange, transcripts expressed similarly
FG and HG (FG=HG) in grey and normally not expressed in FG or HG in black. (E) Different
categories of BMP activated (ACT) or repressed (REP) transcripts group based on whether
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the gene is normally enriched in the endo, meso or expressed in both endo and meso
(en=me). (F) In situ hybridization of Control, Tg(hsp70:dkk1) or BIO treated embryos in mid-
sagittal section, anterior left and dorsal up. Anterior genes are gata4, cebpa and tbx1 and
posterior genes are cdx2, and msx1, n>20 for each probe.
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Fig. 5: B-catenin chromatin binding to Wnt-regulated genes.

(A) B-catenin ChIP-seq of FG and HG explants identified 16303 peaks within +/- 20kb of
11007 genes. The Venn diagram shows the overlap between 11007 B-catenin-bound genes
and 2991 Whnt-regulated genes (from Fig. 4B) grouped as FG-enriched (n=524), HG-
enriched (n=304) or expressed at similar levels in the FG and HG (FG=HG; n=2163) based
on RNA-seq data. BMP-activated genes in red and BMP-repressed in blue. *Statistically
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enriched based on hypergeometric test (p<0.05). (B) Overlap between 180 HG Wnt-
activated genes (a), 208 FG Wnt-repressed genes (b), and genes with gain or loss of j-
catenin ChIP enrichment upon BIO treatment. (C) Genome browser view of B-catenin peaks
on HG-activated gene cdx2 and FG-repressed genes sfrp2 and nkx2-3. Red boxes indicate
B-catenin significant peaks. (D-E) Average tag density of 3-catenin (D) and p300 (E) peaks
on HG Whnt-activated genes (a’), and two classes of FG Wnt-repressed genes (b’ and b”)
comparing control to BIO treatment. *p<0.05, Wilcoxon test. (F) Motif enrichment analysis of
B-catenin peaks.
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Fig. 6: Smadl and B-catenin converge on common CRMs.

(A) Overlap of BMP-regulated/Smadl-bound genes with Wnt-regulated/B-catenin bound
genes. (B) Schematic of 33 genes with distinct B-catenin and Smad1l peaks and 196 genes
with overlapping B-catenin and Smadl peaks. Right panel shows Smadl and p-catenin read
density in the corresponding peaks. FG genes (yellow) and HG genes (green). (WE = Whole
Embryo). (C) Venn shows 196 genes with overlapping Smadl and p-catenin peaks
categorized based on activation (act) or repression (rep) by BMP and Wnt signaling. (D)
Browser view of -catenin and Smadl peaks on hhex and cdx2 with illustration of luciferase
constructs. Red boxes indicate overlapping Smadl and f-catenin peaks. (E) Motif
enrichment analysis of gene sets based on BMP/Wnt regulation. (F) Luciferase assays of
reporter constructs with CRMs depicted in panel D. FG cells were injected in the C1
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blastomere and HG cells in the C4 blastomere at 32-cell stage embryos. Error bars
represent standard deviation of three biological replicates, * p<0.05 in student T-test. .
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Fig. 7: BMP/Smad1 and Wnt/B-catenin converge on the same FG and HG CRMs.

(A) A model of how spatially restricted Wnt and BMP activity coordinate A-P and D-V
patterning of FG and HG progenitors. A signaling crosstalk in the FG with low Wnt promoting
BMP ligand expression in the pre-cardiac mesoderm. (B) Schematic of how overlapping
Smadl and B-catenin peaks regulate FG and HG transcription.
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. $1: Transcriptional program of FG and HG progenitors in vivo.
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Development 144: doi:10.1242/dev.145789: Supplementary information

Fig. S1: Transcriptional program of FG and HG progenitors in vivo.

(A) Scatter plot of log fold change (log2FC) in expression between HG versus FG samples and endo
versus meso samples. HG-enriched transcripts (green), FG-enriched transcripts (orange) meso-enriched
transcripts (red) and endo-enriched transcripts (yellow) based on log2 fold change (FC) <-1 or 21 and
false discovery rate (FDR) <5%. (B) Xenopus orthologs of genes known to be involved in human and
mouse Gl development (manually curated list from the literature) are present in our FG-enriched and HG-
enriched gene lists. The heatmap shows that the Xenopus transcripts have restricted expression in
manner predicted from the mouse and human literature, illustrating high conservation across species. (C)
GO term enrichment analysis of 172 FG-endo, 294 FG-meso, 518 HG-endo and 202 HG-meso genes
from Fig. 1C. (D) BMP and Wnt pathway components that are expressed in any sample (FG-endo, FG-
meso, HG-endo or HG-meso) above one transcripts per-million reads (TPM >1; lower than this is
considered not expressed). The heatmap shows that BMP pathway genes are expressed in both the FG
and HG, whereas Wnt ligands are generally restricted to the HG and Wnt-antagonists enriched in the FG.
(E) In situ hybridization of mid-sagittal section stage NF20 (hhex and ventx2.1) or NF35 embryos (nr1h5,
nkx2-1, nkx2-5, sox2 and darmin) in DMH1 or Tg(hsp70:dkk1) embryos; anterior left and dorsal up.
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Fig. S2: RNA-seq of DMSO and DMH1 treated embryos identified BMP-regulated genes.

(A) Scatter plot showing log2FC in expression between DMSO and DMH1 treated FG (left) and between
DMSO and DMH1 treated HG (right) samples. Transcripts are colored based on the normal control
expression; HG-enriched in green, FG-enriched in orange, genes expressed similarly in FG and HG
(FG=HG) in grey and normally not expressed in control FG or HG in black. (B) Venn diagram illustrates
overlap between transcripts up regulated () or down regulated (¥) upon DMH1 treatment in FG and HG
tissues. FG or HG transcripts repressed upon DMH1 treatment (log2FC <-1, FDR <5% relative to
controls) are considered to be BMP-activated genes (n=697), whereas FG or HG transcripts that are
increased upon DMH1 (log2FC 21, FDR <5%) are classified as BMP-repressed genes (n=1063). Eight
transcripts had ambiguous regulation being both activated and repressed by DMH1 in FG or HG tissues,
and were excluded from further analysis. Overall we categorized a total of 1760 (697+1063) BMP-
regulated genes in the FG and HG tissue. (C) GO term analysis of BMP-activated and -repressed genes.
(D) Unsupervised clustering of BMP-regulated genes in control (CONT) and DMH1 treated FG and HG
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Development 144: doi:10.1242/dev.145789: Supplementary information

samples compared to dorsal explants (DORS), which contain a thin layer of dorsal endoderm (yellow)
along with neural and somite tissue. The DMH1-treated FG showed similarities to the dorsal tissue
suggesting that BMP induces ventral mesendoderm fate and represses dorsal fate. (E) In situ
hybridization of control, DMH1 treated or BMP2 injected embryos, in a cross section confirms that
expression of the dorsal mesoderm gene foxc2 is expanded ventrally with DMH1 and restricted dorsally
upon BMP injection. White line indicates expression domain.
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Fig. S3: Smad1 ChlIP-seq of embryos stage NF20.

(A) Genomic distribution of Smad1 ChIP-seq peaks in stage NF20 embryos categorized as upstream (-
20kb), downstream (+20kb), intragenic and promoter (-1kb to +1kb) regions. (B) Smad1 ChIP-PCR of
known BMP-target genes showing reduced Smad1-binding to CRMs of msx1, id3 and ventx2.1 promoters
in DMH1 treated embryos compare to DMSO controls. (C) Peak overlap between Smad1 and p300
ChlIP-seq of stage NF20 whole embryos. (D) Venn showing the overlap between Smad1-bound genes,
p300-bound genes and genes expressed in NF20 embryo at levels higher than 5 transcripts per million
(TPM>5) based on RNA-seq. (E) Motif enrichment analysis of Smad1 ChlIP-seq peaks associated with
activated (act) or repressed (rep) genes.
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Fig. S4: RNA-seq of control, Tg(hsp70:dkk1) and BIO treated embryos.

(A) Venn diagram illustrates transcripts with expression increased (M) or decreased (V) upon
Tg(hsp70:dkk1) or BIO treatment in FG or HG tissues. Wnt-activated genes were log2FC =-1 upon heat-
shock or log2FC =1 upon BIO treatment FDR <5% (n=959). Wnt-repressed genes were log2FC =1 upon
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heat-shock or log2FC <-1 upon BIO treatment FDR <5% (n=2032). Forty-one transcripts had ambiguous
regulation with evidence of being both Wnt-activated and Wnt-repressed, and were excluded from further
analysis. Overall we categorized a total of 2991 (959+2032) Wnt-regulated genes in the FG and HG
tissue. (B) GO term enrichment analysis of Wnt-activated and Wnt-repressed genes. (C-D) Scatter plot
showing log2FC in expression between FG non-heatshock and FG Tg(hsp70:dkk1) (C) and HG DMSO
and HG BIO (D) explants. Transcripts are colored based on the normal control expression; HG-enriched
in green, FG-enriched in orange, expressed similarly FG and HG (FG=HG) in grey and normally not
expressed in FG or HG in black.
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Fig. S5: g-catenin ChIP-seq of embryos stage NF20.

(A) Experimental design showing p-catenin ChlP-seq of 100 FG or 100 HG explants dissected from
DMSO vehicle control or BIO treated NF20 embryos. Reads were merged and MACS2 peak calling was
performed followed by irreproducibility discovery rate (IDR) filtering with standard thresholds (Li et al.,
2011) identified 16303 statistically significant peaks associated with 11007 genes (+/- 20 Kb from
transcription start site) in the FG and HG samples. (B) Genomic distribution of $-catenin ChiP-seq peaks
classified as upstream (-20kb), downstream (+20kb), intragenic and promoter (-1kb to +1kb) regions. (C)
DNA-binding protein motif enrichment analysis of all g-catenin ChlP-seq peaks in the genome. (D) §-
catenin ChIP-PCR of known CRMs in Wnt-target genes ventx2.1, cdx2 and sp5 from Tg(hsp70:dkk1)
embryos with and without heat shock (HS). (E) Read density of different classes of f-catenin and p300
peaks in DMSO or BIO treated FG and HG explants from Fig. 5B. +/-2kb centered on the p-catenin peak
summit. (F) Box plots of average tag density of p-catenin and p300 peaks on HG Whnt-activated genes
(a’), and FG Wnt-repressed genes (b’ and b”) upon BIO treatment. *p<0.05, Wilcoxon test.

Development * Supplementary information



Development 144: doi:10.1242/dev.145789: Supplementary information

A Smad1 bound Wnt reg
(5252) (3032)

O

| bmp2 || bmp4 || bmp7 |

BMP reg
(1768)

p-cat bound
(11007)

NF11
Control

Control
(DMSO)

BMP low

’ (hspDKk1) || (DMH1)

@
NF12 - NF20

Wt low

HG p-cat

Xenopus laevis

Wht high

20 kb
-0

Smad1 hDE H
%) H
< H
Q t 2 hEsc - LRI T 1 1l .
& | freatenin L o io|iosn CO DMHIDKKI BIO CO DMH1DKKI BIO
o
E A o thow daiy e al H
O | Vertebrate conservdtion g% -kt ! el
I JEPUREIN WU VPRSI mh A N " oy

2
>
]
A wnteb.S
(%) axin2.S
3 ax{n;.i
axin2.
§ axin1,SS
T wnt5a.
Q HG p-cat : E : J : wnt5g.ll:
i } \ wnt5h.
- l e M x_.,.A....‘.J.I__.J T wnt8a.S
kb T LT wntgg,é
— UKD wnt5h.
BMP7 R
» | Smad1hDE CTTTTY .. [0-1.1] Relative
% row min row max
Q .
%) p-catenin hESC ' ' H H [0-5.0]
g : : P
H HE
S N b bl
I Vertebrate consefvation’  *2====-== . B
a1 L 1 i

Fig. S6: BMP/Smad1 and Wnt/g-catenin crosstalk.

(A) Overlap between BMP-regulated/Smad1-bound and Wnt-regulated/p-catenin-bound genes.
(B) Browser view of f-catenin and Smad1 peaks in Xenopus and human genes (from
GSM1505734 and GSM1579346). Red boxes indicate overlapping Smad1 and p-catenin peaks.
Black boxes indicate syntenic peaks. (C) /n situ hybridization of DMH1, Tg(hsp70:dkk1) and BIO
treated embryos in mid-sagittal section, anterior left and dorsal up. Embryos are either stage
NF12 wild-type or treated at stage NF11 and fixed at stage NF20. * indicates hhex-expressing
FG cells. (D) Expression heatmap of BMP and Wnt ligands and targets present in FG and HG
samples of controls (CO), DMH1, Tg(hsp70:dkk1) and BIO-treated embryos.
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Fig.S7: Smad1 and f-catenin syntenic peaks in Xenopus laevis and Homo sapiens.
Browser view of $-catenin and Smad1 peaks in Xenopus and human genes (from the following
public data: GSM1505734 and GSM1579346). Red boxes indicate overlapping Smad1 and f-
catenin peaks. Black boxes indicate syntenic peaks.
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Supplemental Tables

Table S1: Transcriptional program of FG and HG progenitors.

Differential expression analysis between FG and HG samples identified 906 FG-enriched and
987 HG-enriched genes. Comparison between FG+HG endo and FG+HG meso identified 3439
endo-enriched and 4829 meso-enriched genes. log2FC <-1 or 21, FDR <5%.

Click here to Download Table S1

Table S2: Tables show the number of transcripts overlapping in the following pairwise
differential expression analyses. Enriched transcripts have log2 fold change <-1 or 21
difference in expression and false discovery rate <5%.

(A) Intersection of FG versus HG and endo versus meso transcripts. This table is
supplementary to Fig. 1B-C. (B) Intersection of FG versus HG and BMP-activated versus BMP-
repressed transcripts. This table is supplementary to Fig. 2B. (C) Intersection of FG versus HG
and Wnt-activated versus Wnt-repressed. This table is supplementary to Fig. 4B.

A. Intersection of FG versus HG and endo versus meso transcripts (see Fig. 1B-C)

Endo-enriched Meso-enriched Endo=Meso
FG-enriched 172 294 440
HG-enriched 518 202 267
FG=HG 2749 4333

B. Intersection of FG versus HG and BMP-activated versus BMP-repressed

transcripts (see Fig. 2B)

BMP-activated BMP-repressed
FG-enriched 155 185 566
HG-enriched 97 89 801
FG=HG 445 789

C. Intersection of FG versus HG and Wnt-activated versus Whnt-repressed (see

Fig. 4B)
Whnt-activated Whnt-repressed
FG-enriched 28 496 382
HG-enriched 247 57 683
FG=HG 684 1479
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Table S3: FG and HG transcriptome conservation among vertebrates.

Manually curated list of genes expressed in FG and HG tissue from mouse embryos and direct
differentiation of human stem cells. Genes expressed with tpm=1 in at least one of the frog
samples are considered present.

Click here to Download Table S3

Table S4: BMP regulated genes from RNA-seq analysis.

BMP differentially expressed genes in DMH1 treated FG (Sheet 1) or HG (Sheet 2) samples
compared to DMSO control. Differentially expressed genes are identified with their gene name,
log2FC, p value and FDR. Log fold change and FDR indicate those values of DMH1
experiments compared to DMSO control. Experiments were done in triplicate with log2FC <-1 or
21, FDR <5%.

Click here to Download Table S4

Table S5: Smad1 and p300 peaks of whole embryos stage NF20

Smad1 (Sheet1) and p300 (Sheet2) ChlP-seq identified 7976 and 4727 peaks, respectively.
The position of each Smad1 peak is indicated by “Chromosome/Scaffold”, “Peak_Start” and
“Peak_Stop”, with “Summit” of the peak. The nearest genes are indicated by “gene” with the
“Gene_Start” and “Gene_Stop” positions and “Distance_to_Gene_TSS_in_bp_from_Summit”.
Peaks were categorized depending on where they fall related to each gene. Peaks inside the
gene were categorized as “intragenic”, peaks +1kb/-1kb of the TSS are “promoter”’, peaks
downstream of the gene are “proximal downstream” (+10kb) or “distal downstream” (+20kb),
and peaks upstream of the gene are “proximal upstream” (-10kb) or “distal upstream” (-20kb).

Click here to Download Table S5
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Table S6: Wnt regulated genes from RNA-seq analysis.

Whnt differentially expressed genes in Tg(hsp70:dkk1) or BIO treated FG (Sheet 1 and 3) or HG
(Sheet 2 and 4) samples compared to non-heatshock or DMSO control. Differentially expressed
genes are identified with their gene name, log2FC, p value and FDR. Log fold change and FDR
indicate those values of experimental manipulation compared to control. Experiments were
done in triplicate with log2FC <-1 or 21, FDR <5%.

Click here to Download Table S6

Table S7: g-catenin and p300 peaks of whole embryos and FG+HG tissues stage NF20

B-catenin (sheet1) and p300 (sheet2) ChiP-seq identified 16303 and 15146 peaks MACS2 IDR,
respectively. The position of each p-catenin peak is indicated by “Chromosome/Scaffold”,
“Peak_Start” and “Peak_Stop”, with “Summit” of the peak. The nearest genes are indicated by
“‘gene” with the “‘Gene_Start” and “Gene_Stop” positions and
“Distance_to_Gene_TSS_in_bp_from_Summit”. Peaks were categorized depending on where

they fall related to each gene. Peaks inside the gene were categorized as “intragenic”, peaks
+1kb/-1kb of the TSS are “promoter”, peaks downstream of the gene are “proximal downstream”
(+10kb) or “distal downstream” (+20kb), and peaks upstream of the gene are “proximal
upstream” (-10kb) or “distal upstream” (-20kb).

Click here to Download Table S7
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Table S8: Genes associated with Smad1 and f-catenin peaks. Overlapping peaks are
considered when the overlap is of at least 1 nucleotide. Genes were separated in different lists
according to BMP and Wnt regulation, based on the RNA-seq data. Activated (act), repressed
(rep), FG-enriched (orange) and HG-enriched (green).

Click here to Download Table S8

Table S9: Syntenic Smad1 and B-catenin peaks between Xenopus and human ChIP-seq
data. Peaks considered syntenic have similar positions in relation to both Xenopus and human
genes. Human publicly available data for SMAD1 GSM1505734 (Tsankov et al., 2015) and f-
CATENIN GSM1579346 (Estaras et al., 2015) and GSM1303695 (Watanabe et al., 2014).

Click here to Download Table S9

Table S10: Summary of FG- and HG-enriched genes indicating BMP and Wnt and
association of Smad1 or $-catenin peaks

Table with 906 FG-enriched and 987 HG-enriched genes and how they were affected by the
different BMP and Wnt manipulations, as well as whether they were associated with Smad1 or
B-catenin peak within +/-20kb. FG-enriched genes in orange with log2FC <1 and HG-enriched
genes in green with log2FC 21. Endoderm-enriched genes in yellow with log2FC <1 and
mesoderm-enriched genes in red with logFC =1. BMP inhibition with DMH1 in FG and HG
tissues with activated genes in pink with logFC =1 and repressed genes in blue with logFC =1.
Whnt activation with BIO in FG and HG tissues with activated genes in pink with logFC =1 and
repressed genes in blue with log2FC <1. Wnt inhibition with Tg(hsp70:dkk1) in FG and HG
tissues with activated genes in pink with log2FC <1 and repressed genes in blue with log2FC
1. For simplicity tpm values are represented by average of the replicates. Smad1 and f-
catenin peaks association within +/-20kb of each transcript is shown with genome coordinates.
NS = non-significant log2FC (-1< log2FC >1).

Click here to Download Table S10

[
o
)

©

£
fe
qg
£

o)

|4

©
i)

[

()

S
Q

Q

Q

3
wn

L]
e

C

(0]

£

Q
ke

()

>

()
()


http://www.biologists.com/DEV_Movies/DEV145789/TableS8.xlsx
http://www.biologists.com/DEV_Movies/DEV145789/TableS9.xlsx
http://www.biologists.com/DEV_Movies/DEV145789/TableS10.xlsx

Development 144: doi:10.1242/dev.145789: Supplementary information

SUPPLEMENTARY MATERIALS AND METHODS

Luciferase reporter assay

The following CRMs were cloned into the pGL4.23 luc2 miniP vector (Promega) to
generate hhex:luc and cdx2:luc luciferase constructs:

hhex CRM:
TTGTCTCTGCTCCCCTTGCTCATTACCTGCCCAGTCCCTATACACACCTTGCTGCT
CACACTGAGAGGGTAGAGACAAGGAATCTTCTCCCATCTGAGCGGCGCCGA

cdx2 CRM with Tcf motif in bold (based on Cis-BP TF binding tool (PWMs — LogOdds
>10) (Weirauch et al., 2014):
CGGCGGCGTTTGTTCAGTAGTGGTAATTCCAAATATCTATAGGCCTGATAACATTTT
GCCTTGTAGCTCATTGTTAGCCCCTGTGTTCTCCATTCATTGACACTGCCCAATTCT
CTCTGATCTGCCTTGTCCCCTCTCCA

One hundred picograms of hhex:luc and cdx2:luc luciferase constructs were co-injected
with PRL-SV40 control Renilla vector (Promega) (25pg) into C1 (presumptive FG) or
C4 (presumptive HG) cells of 32-cell stage embryos. At stage NF12 embryos were
treated with DMSO, DMH1 or BIO (as described) and 3 embryos were frozen in
triplicate at stage NF20. Embryos were lysed by pipetting in 75uL of 100mM TRIS-HCI
pH7.4 + 0.2% NP-40 and then 25 uL of embryo Lysate was assayed using a dual
luciferase assay kit (Biotium,Inc). Luciferase activity was normalized to co-injected
TK:renilla and the mean relative activity of the triplicate samples was shown £S.D. with
pairwise student T-tests to determine significant differences in expression. Each

experiment was repeated a minimum of two times and a representative result is shown.

RNA-seq analysis

For each RNA-seq sample, 50 explants were microdissected and when
necessary cultured in 10 ug/ml dispase for 15-20 minutes to separate endo and meso.
Total RNA was extracted from two or three independent biological replicates with the
Nucleo-spin RNA kit (Machery-Nagel). Libraries were constructed with TruSeq Stranded
mRNA Library Prep Kit and sequenced ~7-10 million reads/library with 75 bp length
using lllumina HiSeqg2500. FastQC reports identified adapters, over-represented
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sequences, low quality bases and overall low quality reads. Trimmomatic was used to
clip off adapters, over-represented sequences and low quality bases. Reads were
trimmed keeping minimum length as 50, thereby after timming, read lengths ranged
from 50 to 75 base pairs. Quality trimmed reads were mapped to the X. laevis genome
9.1, quantified using RSEM and mapped with bowtie2 using default thresholds (Li and
Dewey, 2011). Differential gene expression analysis was carried out using CSBB'’s
[https://github.com/csbbcompbio/CSBB-v1.0] Differential Expression Module, which
uses RUVSeq (Risso et al., 2014). With RUVSeq we performed two-way normalization
on the count’s matrix 1) Upper Quantile and 2) Empirical gene normalization with default
settings, and differential expression analysis. Pairwise comparisons create mutually
exclusive lists of enriched genes with log2FC <-1 or 21, p <0.05 and FDR <5%

differences in expression for each of the following pairwise comparison analysis:

* To define FG- and HG-enriched transcripts we merged fastq files from FG-endo and
FG-meso from the same biological replicates, as well as HG-endo and HG-meso
samples. This resulted in ~14-20 million reads for each biological replicate of FG
(endo+meso) and HG (endo+meso). Correlation analysis indicated that merging
fastq was very similar to sequencing intact FG and HG (with meso and endo not
separated) r’=0.93, compared to different biological replicates of intact FG or intact
HG r?=0.94-0.90, validating this approach. We then performed a differential
expression analysis comparing FG and HG. Transcripts with log2FC <-1 are
classified as FG-enriched (n=906) and log2FC =1 as HG-enriched (n=987).

* To define endo- and meso-enriched genes we merged fastq files from FG endo to
HG endo from the same biological replicates to generate an “endo” transcriptome
as well as FG meso to HG meso samples to generate a “meso” sample, similar to
our approach described above. We then performed a differential expression
analysis comparing endo and meso. Transcripts with log2FC <-1 are classified as

endo-enriched (n=3439) and log2FC =1 as meso-enriched (n=4829).
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* To identify BMP-regulated genes we compared FG DMH1 with FG DMSO as well as
HG DMH1 with HG DMSO samples. Transcripts with log2FC <-1 are classified as
BMP-activated genes (n=697) and log2FC =1 as BMP-repressed genes (n=1063).
Eight transcripts had ambiguous regulation being both activated and repressed by
DMH1 in FG or HG tissues, and were excluded from further analysis. Overall we
categorized a total of 1760 (697+1063) BMP-regulated genes in the FG and HG

tissue.

* To identify Wnt-regulated genes we compared Tg(hsp70:dkk1) heatshocked with
non-heatshocked FG, as well as heatshocked with non-heatshocked HG. We also
compared FG BIO with FG DMSO as well as HG BIO with HG DMSO samples. Wnt-
activated genes were l10og2FC <-1 upon heat-shock or log2FC =1 upon BIO treatment
FDR 5% (n=959). Wnt-repressed genes were log2FC =1 upon heat-shock or
log2FC <-1 upon BIO treatment FDR <5% (n=2032). Forty-one transcripts had
ambiguous regulation with evidence of being both Wnt-activated and Wnt-repressed,
and were excluded from further analysis. Overall we categorized a total of 2991
(959+2032) Wnt-regulated genes in the FG and HG tissue.

GO term enrichment analyses were performed using ToppGene Suite (Chen et al.,
2009). Heatmaps were generated using GeneE from Broad Institute
(https://software.broadinstitute.org/GENE-E/index.html). Scatter Plots were generated

using CSBB's InteractiveScatterPlot module.

Chromatin immunoprecipitation

Embryos (25-50 whole embryos or 100 FG or HG explants) at stage NF20 were
harvested and fixed at room temperature with 1% formaldehyde in 0.1XMBS for 45
minutes. Immediately after fixation, the embryos were incubated with 125 mM
glycine/MBS for 10 minutes and washed three times with ice-cold RIPA buffer (50 mM
Tris pH 7.6,150 mM NaCl, 1 mM EDTA, 1% IGEPAL CA-630, 0.25% Sodium
deoxycholate, 0.1% SDS, 0.5 mM DTT, and supplemented with Protease Inhibitor
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Cocktail (Sigma,P8340)) for 5 minutes. Batches of 50 embryos were snap-frozen in
liquid nitrogen and stored at -80°C for future use. Embryos were thawed on ice, 1 ml of
RIPA buffer was added, homogenized, and then kept on ice for 10 minutes. The lysate
was centrifuged at 14,000 rpm for 10 minutes at 4°C, and the pellet was ressuspended
in 1ml of RIPA buffer and transferred to a Bioruptor tube (Diagenode) for sonication.
The lysate was sonicated for 15 cycles of 20 seconds ON and 60 seconds OFF on the
Bioruptor Pico Instrument (Diagenode). The sonicated samples were centrifuged at
14,000 rpm for 10 minutes at 4°C, and the supernatant were transferred to a 1.5ml tube.
The supernatant was blocked for 2 hours at 4°C with Dynabeads Protein G (Life
technologies). In a separate tube, 20 pl of Dynabeads Protein G was blocked with 1 ml
5% BSA/PBS for 1 hour at 4°C. Followed by another 1 hour incubation with the
following antibodies on ice: 20 ul of anti-Smad1 per IP (Invitrogen, 38-5400), 20 ul of
anti-B-catenin per IP (Life technologies, 712700) and 3 pl of anti-p300 per IP (Santa
Cruz sc-585 X). A small chromatin aliquot was saved for input (50 pl) and the rest was
transferred to the tube with beads and antibody, and incubated overnight at 4°C. The
input material was stored at -20°C for later usage. The beads were successively
washed with ChIP buffer 1 (50 mM HEPES-KOH pH 7.5, 150 mM NaCl, 2 mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate), ChIP buffer 2 (50 mM HEPES-KOH pH
7.5, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate), ChIP
buffer 3 (10 mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% IGEPAL CA-630, 0.5%
Sodium deoxycholate), ChlIP buffer 4 (10 mM Tris pH 8.0, 1 mM EDTA) for 20 minutes
each. Chromatin was eluted from the beads with 105 pl of elution buffer (60 mM Tris pH
8.0, 10 mM EDTA, 1% SDS) for 2 washes of 30 minutes at 65°C. At this stage, the
frozen input samples were supplemented with elution buffer and incubated overnight at
65°C for reverse crosslinking. ChlP and input samples were incubated with RNase A at
37°C for 1 hour and treated with proteinase K for 1 hours at 55°C. The de-crosslinked
DNA fragments were purified with phenol:chloroform:isoamylalcohol and precipitated in
ethanol for gqPCR. qPCR was performed using iQ SYBR Green Supermix (BIORAD) on
a QuantStudio 3 Real-time PCR System (ThermoFisher). gPCR primers used were:

sp5 (F, 5- TGT CCC GCC TTT TGT CAC CTC-3’ and R, 5’- GCC GCC CAA TCA TCA
AAG AAG-3);

[
o
)

©

£
fe
qg
£

o)

|4

©
i)

[

()

S
Q

Q

Q

=)
wn

L]
e

C

(0]

£

Q
ke

(]

>

(]
()




Development 144: doi:10.1242/dev.145789: Supplementary information

ventx2.1 (F, 5- CAT AGC CAG CTG AGC ATA ATA AA-3’ and R, 5'- TCA AAG GCA
GAG ATC ACT ACC A-3’);

msx1 (F, 5- CAT ATG TTT GGG TTT GGA GAG-3' and R, 5-GTG CAG AAC ATG
GGA GAT TAG-3');

id3 (F, 5- TTC GGC GCC GTT GGT TAC TTT ACT -3’ and R, 5’- GTC TCC ACG GGC
AAC CACTCCTT -3);

cdx2 (F, 5- AGG TTT CGG CGG CGT TTG TT-3' and R, 5’- TTG GGC AGT GTT AGT
GAA TGG AGA -3’);

spb -15kb (F, 5- GTG ATA AAG TAG TCC CAG CAG TGA-3" and R, 5- AAG GGG
GAA ATT TAA ACC AGA TA-3’);

ventx2.1 -15kb (F, 8- GTA GGA ACC CAC AGC CAA TAA TC-3' and R, 5- GTC AGT
AAG AAA ATC GCC CAT AAG-3’);

id3 -8.5kb (F, 5’- TTC CCT GTG CCT GTG TTG AT-3'and R, 5- TTG GGG GCA TTT
ATT TAG TTATT-3).

ChlIP-seq analysis

ThruPLEX® DNA-seq libraries were constructed from ChIP and input control DNA and
sequenced (~30 million reads/library) using lllumina HiSeq2500. Raw reads quality
check and quality trimming was performed using FastQC and Trimmomatic. Duplicate
mapped and multi-mapped reads were removed using picard and samtools
respectively. Peaks were called with MACS2 at default thresholds [--qvalue 0.01, --
mfold 5:50, --call-summits] (Zhang et al., 2008). IDR (lrreproducibility Discovery Rate)
was performed with standard thresholds (Li et al., 2011) to identify high-confidence:

Smad1, p-catenin and p300 reproducible peaks as follows:

* Smad1 and p300 whole embryo ChIP-seq were individually mapped to the X.
laevis genome assembly v9.1 (Session et al., 2016) using Bowtie2 at default
thresholds (Langmead and Salzberg, 2012).

* p-catenin and p300 in either FG or HG explants with or without BIO. Fastq files
from individual ChIP-seq experiments were merged for FG/HG and DMSO/BIO
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explants from p-catenin or p300 ChlP-seq datasets. Pooled fastq’s reads were
mapped to the X. laevis genome assembly v9.1 (Session et al., 2016) using
Bowtie2 at default thresholds (Langmead and Salzberg, 2012).

Described bam files (from merged and not merged fastq) were converted to tagAlign
format with only mapped reads with mapping quality 230 using samtools and bedtools.
With this tagAlign file we created three replicates of equal sizes by shuffling and
randomly placing tags in each replicate. We performed the IDR analysis on the 3
replicates and input using Rscript as described for ENCODE with a threshold of 0.01
[https://sites.google.com/site/anshulkundaje/projects/idr]. The merged input tagAlign file
was used as the input for MACS2 peak calling with [-p 1e-3, --to-large] thresholds. Our
IDR pipeline resulted in higher confidence peaks than with MACS2 peak calling alone.
HOMER findMotifsGenome.pl script was used for motif analysis (Heinz et al., 2010). For
the Hypergeometric test we used dhyper function in R (https://stat.ethz.ch/R-manual/R-

devel/library/stats/html/Hypergeometric.html). Genome browser views were visualized

with Integrative Genomics Viewer (IGV) (Robinson et al., 2011).

The sum of all of our genomic analysis is provided in the Table S10.
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