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ABSTRACT

Nodal/TGFB signaling regulates diverse biological responses. By
combining RNA-seq on Foxh1 and Nodal signaling loss-of-function
embryos with ChIP-seq of Foxh1 and Smad2/3, we report a
comprehensive genome-wide interaction between Foxh1 and Smad2/3
in mediating Nodal signaling during vertebrate mesendoderm
development. This study significantly increases the total number of
Nodal target genes regulated by Foxh1 and Smad2/3, and reinforces
the notion that Foxh1-Smad2/3-mediated Nodal signaling directly
coordinates the expression of a cohort of genes involved in the control
of gene ftranscription, signaling pathway modulation and tissue
morphogenesis during gastrulation. We also show that Foxh1 may
function independently of Nodal signaling, in addition to its role as a
transcription factor mediating Nodal signaling via Smad2/3. Finally,
we propose an evolutionarily conserved interaction between Foxh1
and PouV, a mechanism observed in Pou5f1-mediated regulation of
pluripotency in human embryonic stem and epiblast cells.
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INTRODUCTION

Cell signaling is essential for coordination of the dynamic
spatiotemporal expression of genes. Systems level comprehension
of the signaling inputs that control cell specification will facilitate
decoding the fundamental regulatory mechanisms dictating animal
development. Here, we examine Nodal signaling to uncover the
network control system specifying mesendoderm development in
Xenopus tropicalis. Nodal signaling is conserved during animal
evolution and controls diverse biological activities, including left-
right specification, stem cell pluripotency and mesendoderm
development (Chea et al., 2005; Schier, 2003). Additionally, in
regenerative biology, activation of the Nodal signaling pathway
promotes the differentiation of embryonic stem cells (ESCs) toward
mesendodermal lineages (Kubo et al., 2004). These diverse
activities raise the issue of the underlying mechanism conferring
specificity of gene regulation by Nodal in various developmental
contexts.

Nodal signaling is triggered by ligand binding to type I and II
receptors, which in turn phosphorylate Smad2 or Smad3. Phospho-
Smads complex with Smad4, translocate to the nucleus and, together
with other transcription factors (TFs) such as Foxhl, regulate target
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gene expression (Chen et al., 1996, 1997). Currently, the relative
contribution of Foxhl in mediating Nodal signaling has not been
systematically examined in vivo. Nodal signaling is crucial for the
proper induction of mesoderm and endoderm. The Nodal mutant
mouse lacks the primitive streak and fails to form normal mesoderm,
leading to developmental arrest shortly after gastrulation (Conlon
et al., 1994; Varlet et al., 1997; Zhou et al., 1993). Zebrafish cyclops
(cyc)/squint (sqf) double mutants fail to form the shield and
gastrulation is disrupted (Feldman et al., 1998). In amphibians,
these genes are zygotically expressed under the control of the
maternal T-box transcription factor Vegt (Heasman, 2006). Inhibition
of Nodal signaling in Xenopus via the overexpression of Nodal
antagonists or by treatment with small-molecule Nodal receptor
inhibitors leads to gastrulation defects (Agius et al., 2000; Ho
et al.,, 2006; Osada and Wright, 1999; Sun et al., 1999). Three
other Smad2/3-activating TGFfs function during mesendoderm
formation: Gdfl/Vgl is maternal, while Gdf3/Derriere and Inhbb/
ActivinfB are zygotic. These are also important for normal early
mesendodermal development (Birsoy et al., 2006; Piepenburg et al.,
2004; Sun et al., 1999) and probably have overlapping functions with
the Nodal proteins; we therefore refer to collective signaling by these
ligands as Nodal signaling for simplicity. These results suggest that
Nodal ligands are essential for vertebrate mesendoderm development.

Foxhl (Fastl, forkhead activin signal transducer 1), is a winged-
helix TF that is maternally expressed in Xernopus (Chen et al., 1996).
It was first discovered as a mediator of Activin-like signaling via
binding to the activin response element of the mix/ gene in
conjunction with Smad2/3 (Chen et al., 1996). Subsequently,
goosecoid (gsc) (Labbé et al., 1998), Ihx] (Watanabe et al., 2002),
nodall (Osada et al., 2000) and pitx2 (Shiratori et al., 2001) were
shown to be regulated by Foxhl. In mouse, Foxhl~~ embryos
display a spectrum of phenotypes from severe gastrulation defects to
milder anterior and midline deficiencies (Hoodless et al., 2001;
Yamamoto et al., 2001). In zebrafish, schmalspur and midway
mutants, both defective in the foxh I gene, are deficient in prechordal
plate, notochord and some axial mesoderm development (Pogoda
et al., 2000; Sirotkin et al., 2000; Slagle et al., 2011). Loss of Foxh1
in Xenopus laevis results in reduced expression of mesendodermal
markers, including gsc, nodall and mix1, but axial mesoderm was
still present, albeit obviously abnormal (Howell et al., 2002; Kofron
et al., 2004b; Watanabe and Whitman, 1999). The stronger
phenotypes from loss of Nodal signaling, compared with foxhl/
loss of function (LOF) in frog, fish and mouse, suggests that Nodal
signals through both Foxh1-dependent and -independent pathways.
Mixer, Foxhl.2, Gtf2irdl, Gtf2i, Tp53, Eomes and Tcf3 (also
known as E2a) have been implicated in activation of Nodal targets
in Xenopus (Cordenonsi et al., 2003; Germain et al., 2000; Howell
et al., 2002; Ku et al., 2005; Ring et al., 2002; Slagle et al., 2011,
Teo et al., 2011; Yoon et al., 2011), although the extent that any of
these TFs play in the broader regulation of Nodal signaling gene
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batteries in developing embryos remains ill defined. Thus, despite
advances made in dissecting the Nodal molecular cascade,
significant gaps remain in our knowledge.

To comprehend how mutations in Nodal signaling affect
transcriptional networks and cause developmental defects, we
examined the cohort of genes regulated by Nodal in the context of
early vertebrate embryonic development at a genome-wide level.
We determined which of these genes are directly bound and
regulated by Foxhl and/or Smad2/3. Foxhl and Smad2/3 interact
with thousands of genomic sites and affect the transcriptional
responses of hundreds of Nodal target genes. We uncovered a large
set of new targets, and have begun understanding the complexity
associated with the Nodal signaling network. Although Foxhl and
Smad?2/3 directly bound and regulated some Nodal-activated genes,
we found a Nodal signaling-independent function for Foxhl.
Additionally, Foxhl- and Smad2/3-binding site analysis revealed
the involvement of Pou family TFs in Nodal target gene expression.
PouV family genes (pou5f3s) modulate the expression of some
Nodal targets, perhaps functioning as regulators of differentiation.

RESULTS

Foxh1 is crucial for mesendoderm formation

In Xenopus, there are two foxhl genes: foxhl and foxhl.2 (Chen
et al., 1996; Howell et al., 2002). foxh 1 is expressed maternally and
plays a central role in mediating Nodal signaling (Chen et al., 1996;
Howell et al., 2002; Kofron et al., 2004b; Watanabe and Whitman,
1999; Yeo et al., 1999). foxh1.2 is expressed after the mid-blastula
transition (MBT) (Howell et al., 2002), and its function is unclear.
Since the initial activation of Nodal signaling is detected at MBT,
before foxhl.2 expression, and foxhl transcripts are more abundant
than foxh 1.2 in early gastrulac (Howell et al., 2002; Lee et al., 2001),
we examined the contribution of Foxhl in mediating Nodal
signaling.

In situ hybridization analyses in Xenopus laevis have shown that
foxhl transcripts are preferentially localized to the animal and
marginal zones, but are excluded from deep mesendodermal cells
(Howell et al., 2002). However, these results are inconsistent with
the widespread notion that Foxhl is the key player in mediating
Nodal signaling during mesendoderm formation (Chen et al., 1996,
1997; Watanabe and Whitman, 1999; Yeo et al., 1999). RT-qPCR
analysis from dissected tissue fragments of X. tropicalis early
gastrulae confirmed that foxi 1 is ubiquitously expressed (Fig. 1A).

Expression of Foxhl protein was inhibited by microinjecting
translation-blocking foxh! morpholino antisense oligonucleotides
(MO). We generated an affinity-purified antibody against X. tropicalis
Foxh1 protein (supplementary material Fig. S1). Immunoprecipitation
(IP) of embryonic extracts followed by western immunoblotting
(Fig. 1B) detected a single ~55 kDa band that matches the predicted
molecular weight (56.6 kDa) of Foxhl. MO injection strongly
knocked down Foxhl protein expression (Fig. 1B) and the
morphant phenotypes were reminiscent of that in X. laevis (Howell
et al., 2002; Kofron et al., 2004a). Dorsal lip formation was delayed
(>75%, n=35), and was partially rescued by co-injecting MO-
insensitive foxh/ mRNA (Fig. 1C). We also observed incomplete
gastrulation and a shortened anteroposterior (A/P) axis in tailbud
embryos, which were rescued by co-injecting MO-insensitive foxh !
mRNA (Fig. 1D; supplementary material Fig. S2).

Next, we examined the effective concentrations of the Nodal
receptor (ALK4/5/7) inhibitor SB431542 (Inman et al., 2002) during
X. tropicalis mesendoderm development. Embryos were treated
with increasing concentrations of SB431542 and the expression of
well-characterized Nodal target genes was effectively inhibited at
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Fig. 1. Foxh1 is crucial for mesendoderm formation. (A) Distribution of
foxh1 transcripts in X. tropicalis early gastrula. Total RNAs from animal,
marginal and vegetal fragments were subjected to RT-gPCR analyses. tfap2a,
ectodermal marker; t/brachyury, mesodermal marker; sox17a, endodermal
marker; rpl11, expressed throughout the embryo. (B) Embryonic lysates from
control or foxh1-MO injected embryos were subjected to immunoprecipitation
followed by western blot using anti-Foxh1 antibody. Ctnnb1 protein levels in
crude embryo lysates are unaffected by the MO. (C) Both Foxh1 morphant and
SB431542-treated embryos exhibit gastrulation delay (vegetal views).
(D) Early tailbud stage Foxh1 morphants displaying anterior defects and
incomplete blastopore closure; SB431542-treated embryos lack distinctive
A-P or D-V features. (E) Examination of foxh7 MO effects on different germ-
layer markers by RT-gPCR. gsc, chrd, nodal1, nodal3 and mix1 are
mesoendodermal markers; sox77a is an endodermal marker; ventx2.1 is a
BMP target gene; siat is a Wnt target gene. The ectodermally enriched
markers sox3 and foxh1.2 are included as non-Foxh1 targets for comparison.
(F) Early gastrula cleared lysates were immunoprecipitated using either pan
anti-Smad2 or anti-Smad1 polyclonal antibodies covalently coupled to beads.
Bound proteins were subjected to western immunoblotting using anti-P-Smad2
or anti-P-Smad1, respectively. After detection, membranes were re-probed
with anti-Smad2 or anti-Smad1 to show efficiency of the immunoprecipitations.
Arrowhead indicates the P-Smad1 band; the lower band in the P-Smad1 lanes
is low level primary antibody release from the beads.

Smad1/5/8
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100 uM (supplementary material Fig. S3), which is also the effective
concentration reported in X. laevis (Ho et al., 2006). SB431542-
treated embryos displayed varying phenotypic severity. Typically,
embryos fail to form any blastopore lip, arrest during gastrulation and
die during neurulation. In some clutches, SB431542-treated embryos
had a severe delay in blastopore lip formation, but survived to tailbud
stages. Generally, the phenotypes of embryos treated with SB431542
(Fig. 1C,D) were more severe than those of Foxh1-depleted embryos.
We also examined the specificity of SB431542 treatment on Smad2/3
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activation (Fig. 1F). SB431542 inhibited the phosphorylation of
Smad2/3, whereas the phosphorylation of Smad1/5/8 was not
diminished. We conclude that 100 uM SB431542 specifically
inhibits Nodal signaling in X. tropicalis embryos.

Foxhl morphants showed significant reduction in expression of
the dorsal mesendoderm-enriched genes gsc, chrd, nodall and
nodal3 (Fig. 1E). Expression of the early endodermal markers
mixI and sox17a was also reduced, whereas expression of the ventral
marker ventx2.1, the animally enriched marker sox3, and sial
(a Wnt target) were minimally affected. Interestingly, foxhl itself
was consistently upregulated 8- to 15-fold in foxh! morphants
(supplementary material Fig. S4), whereas expression of foxhl.2
transcripts was only slightly increased (~1.3-fold; Fig. 1E). Delivery
of foxh I rescue mRNA to morphants either fully or partially reversed
foxh1 MO effects (Fig. 1E). We conclude that Foxh1 is required in
X. tropicalis for normal mesendoderm development. Other findings
are: (1) foxhl expression is negatively autoregulated; (2) Foxhl
antibody specifically recognizes endogenous protein; and (3) foxhl
MO efficiently knocks down Foxhl protein and downstream
mesendodermal gene expression.

Significantly different sets of genes are responsive to Foxh1
and Nodal

To examine the contribution of Foxhl to Nodal signaling, we
compared RNA-seq transcriptome profiles between SB431542-
treated embryos and foxs I morphants. Sequence reads were mapped
to the X. tropicalis v.7 genome assembly (supplementary material
Table S2) and differential gene expression levels between control
and perturbed embryos were calculated. SB431542 treatment and
foxhl MO injection each affected the mRNA expression of
hundreds of genes, both positively and negatively (supplementary
material Fig. S5). Affected genes include well-studied Nodal targets
such as gsc, nodall, cerl and hhex (supplementary material
Table S1). Fig. 2A-D show read-mapping densities (tracks 3-6 in
each panel) across these four genes.

Using a 1.5-fold cutoff (empirically derived from Kolmogorov-
Smirnov analysis below), 259 genes were differentially affected by
SB431542, 707 were affected by foxhl MO and 87 were affected by
both foxh1 MO injection and SB431542 treatment. These expression
changes represent both direct and indirect target genes. That only 34%
(87) of the 259 SB431542-sensitive genes were affected by foxhl!
knockdown suggests the involvement of additional TFs in Nodal
signaling. In addition to its role in mediating Nodal signaling, Foxh1
also regulates the expression of a set of non-Nodal targets. Expression
differences between Nodal and Foxhl1 loss of function may explain
the phenotypic differences observed (Fig. 1).

Genome-wide binding patterns of Foxh1 and Smad2/3
identify many potential co-regulated target genes

Differential expression profiling alone is unable to distinguish
between direct and indirect transcriptional regulation by Foxhl
and Smad2/3. Therefore, we correlated gene expression data with
physical binding of Foxh1 and Smad2/3. The suitability of Foxh1 and
Smad2/3 antibodies was validated by ChIP-qPCR (supplementary
material Fig. S6), and ChIP-seq (Fig. 2A-D, tracks 1 and 2) was
performed on stage 10.25-10.5 early gastrulae using two biologically
independent replicates. MACS2 and SISSRs (Jothi et al., 2008;
Zhang et al., 2008) identified bound regions (‘peaks’) and high-
confidence peaks were those defined by the intersection of output of
these programs (supplementary material Table S2). ChIP-seq
analyses revealed 2266 Foxhl and 939 Smad2/3 peaks. We
assigned nearest genes to peaks located within 10 kb upstream of
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Fig. 2. Genome-wide survey of Nodal and Foxh1 targets in early
gastrulae. (A-D) IGV genome browser views of gsc (A), nodal1 (B), cer? (C)
and hhex (D) genes. Track contents: (1) Foxh1 ChiP-seq; (2) Smad2/3 ChIP-
seq; (3) RNA-seq of uninjected control embryos; (4) RNA-seq of foxh1 MO-
injected embryos; (5) RNA-seq of mock-treated control embryos; and (6) RNA-
seq of SB431542-treated embryos. The numbers in the upper left of each track
indicate track heights. (E) Genome-wide analyses of Foxh1 and Smad2/3
peaks. Pie chart distributions of Foxh1 and Smad2/3 peaks across seven
defined genomic features are shown. Randomized regions were also analyzed
for comparison (right). These were generated by randomly redistributing the
intervals of Foxh1 peaks throughout the genome. In parallel, Smad2/3 peak
intervals were similarly randomized and showed a nearly identical genomic
distribution (data not shown). (F) Distribution of Foxh1 (left) and Smad2/3
(middle) peaks within the intervals of 10 kb upstream of gene 5’ ends, gene
bodies and 10 kb downstream of gene 3’ ends. Supplementary material

Fig. S7 contains a distribution of randomly selected regions. As individual gene
bodies are highly variable in length, we normalized these segments on a
0-100% scale (Zhang et al., 2012).

gene 5’ ends, within 10 kb downstream of 3" ends and within gene
transcription units (supplementary material Table S3). These
analyses mapped 70.1% (1588) of Foxhl peaks to 1321 genes, and
65.5% (615) of Smad2/3 peaks to 501 genes, with 297 genes being
bound by both Foxhl and Smad2/3. Most of the peaks and genes
identified in Smad2/3 ChIP-seq by Yoon et al. (2011) are also
included in our data analysis (see supplementary material Fig. S12).

We found that 12.9% of Foxh1 peak summits were located within
1 kb upstream of the 5’ ends of nearby genes (Fig. 2E), representing
a 6-fold enrichment over the distribution of computationally
randomized peaks (2.1%). Little to no enrichment of Foxhl peaks
was found for the other six genomic intervals. A similar analysis for
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Smad?2/3 showed that 5.7% of peaks are within this 1 kb upstream
interval, representing an ~3-fold enrichment. The highest
abundance of Foxhl binding is located within a narrow window
flanking the 5’ end of genes, whereas Smad2/3 did not reveal such
localization (Fig. 2F).

We performed a de novo motif search of the DNA sequences
extending 75 bp to either side of the summits of the 2266 Foxhl
peaks. The Foxhl motif was the most common sequence found
(1436 peaks) (Fig. 3A). Although a similar analysis of Smad2/3
peaks revealed the Smad2/3 motif to be the most abundant, the
Foxhl motif was also frequently found (Fig. 3B, supplementary
material Fig. S11), supporting the view that Foxhl is a major
transcriptional partner of Smad2/3.

The primary role of Foxh1 in Nodal signaling is to activate
target genes

To examine whether Foxh1 functions as an activator or repressor,
or both, we applied the Kolmogorov-Smirnov (KS) test to
determine the statistical significance of the correlation between
TF binding to genes and changes in gene expression after loss of
function (Subramanian et al., 2005). The differential expression
values of over 14,000 genes in foxhl morphants versus those of
control embryos were used to rank the genes in ascending order
along the x-axis (Fig. 4A,B). This ranking was correlated with the
Foxhl ChIP-seq results by scoring for the presence/absence
(green tick marks) of Foxhl peaks over these genes. A running
(cumulative) enrichment score (RES, y-axis) was calculated
based on the presence/absence of a Foxhl peak (blue line). This
plot is significantly different from that expected for the null
hypothesis (P<5.6e-16), i.e. that peaks are randomly distributed
with respect to the foxhl MO effects on differential expression.
Therefore, there is a statistical correlation between Foxh1 binding
and changes in gene expression. The density plot (purple) of the

genes containing peaks (green tick marks) reveals a tight
correlation between the presence of bound Foxhl and genes
downregulated upon Foxhl depletion, but not with genes
upregulated, suggesting that Foxhl functions primarily as a
transcriptional activator.

A strong positive correlation between Foxhl binding and
downregulation of genes in response to SB431542 was also
observed in the density plot in Fig. 4B, consistent with the
activating role of Foxhl in Nodal signaling. Finally, a strong
correlation was observed between the binding of Smad2/3 and
downregulation of genes in response to SB431542 (Fig. 4C). The
RESs (blue plots) for both Foxhl-Nodal and Smad2/3-Nodal
signaling are significantly different than those expected for
their corresponding null hypotheses (P-values in each were
<2.2e-16). We conclude that binding of Foxhl and Smad2/3 are
prerequisites for the activation of many Nodal target genes.
Interestingly, a comparison between the density plots for
Foxhl and Smad2/3 binding on SB431542-sensitive genes
(Fig. 4B,C) shows that Smad2/3 correlates 2.5-fold more
closely with Nodal targets than does Foxhl (see supplementary
materials and methods). This is consistent with the RNA-seq
results (Fig. 2) that also implicated Foxhl in Nodal-independent
gene regulation.

A large cohort of direct Nodal target genes
Among 259 genes regulated by Nodal signaling, 218 are positively
regulated by Nodal and 41 genes are negatively regulated
(supplementary material Table S1). Seventy-five genes are
putative direct Nodal targets as they are bound by Smad2/3 (blue
and green sectors in Fig. 4D).

Among these 75 genes, 60 are co-bound by both Foxhl and
Smad2/3 (Fig. 4D). Fifty-nine of these are activated by Nodal
signaling (downregulated by SB431542) (supplementary material
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RIS e Expression value reauency  protein motif eterence novo motif analysis. Binding motifs in the sixth column were
| matched manually (see citations in ‘Reference’ column).
15‘, _ A éQA A YNSAATMCACAW - 2.6e-1537 1436 FoxH1  AATMCACA 1 Base positions in red in the ‘Regular Expression’ column
S S match these published motifs. References: 1, Zhou et al.,
2{009 Cc QC CYCCBCCYCCY 156277 455 Curich 1998; 2, Mason et al., 2010; 3, Chen et al., 2008; 4, Yoon
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Fig. 4. Functional relationships between Foxh1
and Smad2/3 binding, and differential gene
expression. (A-C) Kolmogorov-Smirnov (KS)
tests for comparing relatedness between TF
binding (ChIP-seq data sets) and loss-of-function
analyses (RNA-seq data sets). Comparisons
between Foxh1 peaks and either Foxh1-regulated
targets (A) or Nodal-regulated targets (B). The
x-axis represents genes ranked by ascending fold
change (bottom scale), depicted as log2 ratios (top
scale) between either foxh7 MO or SB431542 and
controls. Log, of +0.583 corresponds to +1.5-fold
change. The y-axis scale is the running enrichment
score (RES). (C) Comparison between Smad2/3
peaks and Nodal-regulated targets. (D) A pie chart
that depicts the distributions of Nodal regulated
targets that are (1) co-bound by both Foxh1 and
Smad?2/3 (blue); (2) bound by Foxh1 alone (red);
(3) bound by Smad2/3 alone (green); or (4) not
bound by either Foxh1 or Smad2/3 (purple). (E) A
pie chart that depicts the distributions of 37 genes
that are both Foxh1 direct targets (Foxh1 bound
and change expression in response to Foxh1 MO)
and Nodal targets (SB sensitive): 36 are activated
by Foxh1 (blue), whereas only 1 is repressed (red).
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(F) Among 72 Foxh1 direct targets that are
independent of Nodal regulation (SB insensitive),
45 are activated by Foxh1 (blue) and 27 are
repressed. (G-J) RT-qPCR validations of the

ctrl Foxh1 DMSO SB Nodal-independent Foxh1 targets. (G,H) mex3c
and Xetro.A02401, from the group of 45
rasef downregulated targets, were further validated by

showing downregulation in foxh1 MO-injected
embryos, when compared with control, but are

' , | Xetro.A02401 ) ssh1 2
08 15 15
06 1
04 1
02 05 0.5

0 0 0

ctrl Foxh1 DMSO SB ctrl FOXh1 DMSO SB

Table S4), and thus are potential Foxhl-mediated Nodal direct
targets. This list includes the previously identified Nodal targets
gsc, mixl, rndl, flrt3, pitx2, nodall and nodal2. Some new direct
Nodal targets are wnt8a, frzb, dkkl, prickle2 and cxcr4. Only
one gene is repressed by Nodal: bambi, a transmembrane decoy
receptor that inhibits both Nodal and BMP signaling (Karaulanov
et al., 2004).

Thirty-four SB431542-sensitive genes had Foxhl peaks without
Smad2/3 peaks (Fig. 4D, supplementary material Table S5).
Additionally, 15 genes show the presence of Smad2/3 peaks
without Foxh1 binding (Fig. 4D, supplementary material Table S6).
This latter group contains some known mesendodermal genes,
including dkk1, hnf1b and gata6, and genes with poorly characterized
roles in the early embryo. The remaining 150 SB431542-sensitive
genes are not bound by either Foxh1 or Smad2/3, and thus likely
represent a group of indirect Nodal targets.

GO (gene ontology) term analysis (supplementary material
Table S7) of the 59 Foxhl-Smad2/3-bound and Nodal-activated
genes includes cell surface receptor-linked signal transduction, pattern
specification/cellular morphogenesis and negative regulation of signal
transduction. These 59 genes were preferentially expressed in
mesendoderm [W.T.C., LL.B. and K.W.Y.C., unpublished; see
Xenbase (James-Zorn et al., 2013)] where Nodal signaling is most
active. These findings reinforce the notion that Foxhl-Smad2/3-
mediated Nodal signaling coordinates the expression of a large cohort
of genes regulating cell fate specification, morphogenesis and cell
signaling.

unaffected by SB431542. (1,J) ssh1 and rasef were
validated by showing upregulation after foxh7 MO
injection but are unaffected by SB431542.

ctrl Foxh1 DMSO SB

Foxh1 is a dual regulator and functions independent of Nodal
signaling

We investigated the role of Foxhl in early embryogenesis by
comparing foxhl MO knockdown and SB431542 RNA-seq
together with ChIP-seq. Among the 1321 Foxhl-bound genes
(Fig. 2D), the expression of 109 is affected (>1.5-fold) following
foxh1 MO injection. We consider these to be Foxhl direct targets.
Thirty-seven of these genes are SB431542 sensitive (Fig. 4E),
suggesting that they are either regulated by Nodal directly or
indirectly. The Smad2/3 ChIP-seq data show that 26 (70%) of these
are bound (supplementary material Table S8) and therefore likely to
be direct Nodal targets.

Among the 109 Foxhl direct target genes, 37 are Nodal-
dependent targets and all except one (fos) are positively regulated
by Foxhl (Fig. 4E). Conversely, 72 lack Smad2/3 binding and are
insensitive to SB431542 (Fig. 4F), suggesting that Foxh1 regulates
these genes in a Nodal-independent fashion. Of these 72 genes, 45
are downregulated in the absence of Foxhl, whereas 27 are
upregulated, suggesting that Foxhl1 functions as a dual-acting TF to
activate or repress target genes in a Nodal-independent manner.
RT-qPCR analysis independently confirmed both activator and
repressor behavior of Foxhl (Fig. 4G-J and supplementary material
Fig. S8). The apparent Nodal-independent Foxh1 gene regulation is
indeed a specific effect of foxh!/ MO knockdown as normal
expression of these genes was rescued via Foxh1 expression using
a MO-resistant foxh] mRNA (supplementary material Fig. S9).
All 72 Nodal-independent Foxhl regulated genes appear to be
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ubiquitously expressed in the early gastrulae, based on public
expression data (Xenbase) and RNA-seq results from dissected
early gastrulae (W.T.C., L.L.B. and K.W.Y.C., unpublished), in
contrast to Nodal-dependent gene expression, which is confined to
the mesendoderm. GO term analysis failed to reveal any term
enrichment, and the developmental significance of these genes will
require further investigation.

Xenopus PouV class transcription factors interact with

Foxh1 to regulate Nodal targets

To identify additional TFs that interact with Foxh1 to regulate target
genes, we searched for over-represented sequence motifs in the
vicinity of Foxhl peak summits. The five most statistically
significant motifs (based on E-values) ranked by abundance are
shown in Fig. 3A, with the Foxhl motif being the most frequent.
Although searches of various motif databases (UniPROBE,
JASPAR and TRANSFAC) failed to identify candidate factors
that matched the second and third motifs, the fourth and fifth
resemble Pou and Heb/Zic motifs. Because Heb, also known as
Tcf12, was previously implicated as a Foxh1/Smad partner (Yoon
et al., 2011), we investigated the role of Pou TFs that participate in
Nodal signaling regulation.

Xenopus and zebrafish PouV family TFs have been associated
with the regulation of early mesendodermal development (Burgess
et al., 2002; Cao et al., 2007, 2006, 2008; Lunde et al., 2004;
Morrison and Brickman, 2006; Reim and Brand, 2006; Reim
et al., 2004), and are evolutionarily closely related to mammalian

Pou5f1/Oct4 (Frankenberg et al., 2010; Frankenberg and Renfree,
2013). Xenopus PouV genes (poudf3.1, pou5f3.2 and pou5f3.3;
previously oct91, oct25 and oct60, respectively) are locally
triplicated in the genome (Hellsten et al., 2010) and differentially
expressed in the early embryo. pou5f3.2 and pou5f3.3 are expressed
maternally, whereas pou5f3.1 is zygotic (Fig. 5A) (Hinkley et al.,
1992). The three PouV genes are expressed in all three primary germ
layers (Fig. 5B).

We examined whether PouV proteins directly regulate Foxhl-
Smad2/3-mediated Nodal target genes as a general mechanism. We
bioinformatically mined the Foxh1 and Smad2/3 peak sequences on
the 60 direct Nodal targets (SB-sensitive) bound by these TFs
(Fig. 4D, supplementary material Table S4) for the presence of Pou
motifs. Among these, 22 contain Pou motifs within these regions
(supplementary material Table S4), but only 11 are affected in
Foxhl MO-injected embryos (based on RNA-seq). After PouV
knockdown, three out of these 11 genes (gsc, nodal2 and mespb),
by conservative criteria, were consistently affected at both stages
examined (>2-fold, Fig. 5C), and expression of these genes was
rescued after co-injecting a cocktail containing MO-insensitive
versions of all three PouV mRNAs (supplementary material
Fig. S10). Expression of many of the other genes was affected to
varying degrees in a stage-dependent manner that makes both
molecular phenotypes and rescue rather difficult to assess (see also
Livigni et al., 2013). gsc and nodal?2 are upregulated in response to
the PouV MO, suggesting that these genes are negatively regulated
by PouV proteins, whereas mespb expression is reduced in
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x 0 - and PouV co-binding on Nodal targets. Chromatin
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MO-injected embryos suggesting it may instead be positively
regulated by PouV. Such a dual role for mammalian Pou5f1/Oct4
has been well documented (Pan et al., 2002; Hammachi et al.,
2012). These results suggest that PouV proteins regulate the
expression of a subset of Nodal target genes that are crucial to early
mesendodermal development.

We also examined whether PouV proteins directly interact with
the Pou motif regions found in these genes, which would imply
direct PouV regulation. Because antibodies against Xenopus PouVs
are not available, we microinjected mRNA encoding FLAG-tagged
poudf3.2 into embryos and performed ChIP-gPCR to interrogate
binding to the identified regions containing the Pou motif. FLAG-
Pou5f3.2 protein preferentially bound to the cis-regulatory regions
of all genes (Fig. SD) that respond to PouV knockdown (Fig. 5C),
but not to two genes (ins and rpll1) that were used as negative
controls. We next investigated whether both PouV and Foxhl
proteins can co-occupy the cis-regulatory regions of a subset of
these genes. A sequential ChIP-qPCR analysis (Geisberg and
Struhl, 2004) showed that six of the eight genes tested were co-
bound by Foxhl1 and PouV proteins (>2-fold compared with an IgG
control; Fig. 5E). These results suggest that the combinatorial action
of inputs both from Foxhl-Smad2/3(Nodal) signaling and PouV
proteins is required for the establishment of proper expression levels
of some of these genes during mesendodermal specification and
patterning. Interestingly, Mullen et al. (2011) reported that Pou5fl1
and Smad3 co-occupy target genes in mouse ESCs, suggesting that
PouV proteins may have a more general role in modulating Activin/
Nodal signaling.

DISCUSSION

We report the genome-wide examination of a Smad ‘partner’ in a
developing vertebrate embryo. This study greatly expands the
number of bona fide Nodal direct target genes operating in early
gastrulation. Our analyses strongly support the notion that the
coordinated action of Foxh1-Smad2/3 is a major in vivo driver of the
mesendoderm transcriptional program. We also uncovered a new
dual function for Foxhl that is Nodal independent. PouV TFs were
found to interact with Foxhl to regulate Nodal target genes. And,
finally, a cohort of Nodal target genes was identified that likely
function in morphogenesis. Therefore, this study significantly
broadens our view of the mechanisms that underlie TGFp signaling
control over the coordination of cell fate and behavior in early
embryos.

Mesendodermal specification and patterning

Xenopus mesendodermal GRNs containing numerous connections
between genes have been published (Koide et al., 2005; Loose and
Patient, 2004). Furthermore, an endodermal core GRN based on
studies from a variety of vertebrate systems suggests the
involvement of Mix, Gata, Foxa, Hnflb and Sox17 family
members (Zorn and Wells, 2007). The molecular details of the
interactions between Nodal signaling and these TFs are only
partially understood. Here, we have confirmed six out of 11
suggested connections for Foxh1 direct regulation (gsc, chrd, otx2,
mixl1, gata4, bix1) and nine out of 16 connections for direct Nodal
regulation (nodall, nodal2, pitx2, bixl, cerl, mixl, gata4, gata6
and /lefty). Additionally, numerous new direct connections were
found for Foxh1 and Nodal regulation, respectively. Thus, this study
has not only validated many interactions that were previously
inferred, but also increased the total number of direct Nodal
targets, providing a more sophisticated blueprint of the vertebrate
mesendoderm GRN.

We found a number of genes encoding secreted signaling ligands
and extracellular modifiers of signaling are direct Nodal targets.
nodall, nodal2 and wntS8a are directly upregulated by Nodal, whereas
fef16 and wntl1b are indirectly regulated. These Nodal genes and
wnt8a are also direct Foxhl targets. Secreted antagonists of Nodal,
BMP and Wnt signaling, including cerl, lefty, fizb and dkkl, are
direct targets of Nodal, implying that cells responding to Nodal
signaling secrete these antagonists to coordinate the integration of
multiple signaling activities. Others have attempted to identify direct
Foxhl and Smad2/3 targets. Microarray experiments by Pei et al.
(2007) using zebrafish Foxh1 morphants identified cytokeratins 1 and
2, and keratins 4, 8 and 18 to be possible Foxh1 targets. These genes
are not found in our list of direct Foxh1 targets and may be indirect
targets of Foxh1 depletion in zebrafish. Silvestri et al. (2008) searched
for human, mouse and rat genes with conserved Foxhl-Smad2/3
DNA motifs to identify potential targets of these factors. Among 21
candidates, excluding five well-known Nodal target genes (gsc, mix1,
lefty, pitx2 and nodal), the remaining 16 genes are not found in our list
of Nodal or Foxhl target genes. Perhaps these genes are under Nodal
regulation at later stages in development, but not gastrulation.

TGFp signaling and Smad partner proteins

Foxhl is a major Smad2/3 co-factor acting in early development,
and several other Smad2/3 partners (e.g. Mixer, Gtf2i, Eomes)
have also been implicated. The broader roles of these additional TFs
in Nodal target regulation are unknown. We performed a motif
analysis on Smad2/3-bound regions to determine the relative
contribution of putative Smad2/3 partners. We confirmed that a
large percentage of Smad2/3-bound Nodal-responsive genes
contain Smad motifs. This analysis identified 5'-CAGAC-3’ in
only 26 out of 75 direct Nodal targets. However, when we searched
for the minimal Smad2/3-binding motif (5'-AGAC-3") (Shi et al.,
1998), this was found on 88% (66/75) of direct Nodal target genes.
Sequences matching the Foxhl motif 5'-AATMCACA-3’ were
found on 66% (50/75) of direct Nodal targets, consistent with the
view that Foxhl is a major regulator of this signaling pathway.

The motif 5'-TAATYNRATTA-3’ is also enriched under Smad
peaks and contains an inverted repeat (underlined) recognized by
paired-family homeodomains (Wilson et al., 1993). This motif was
found on 37% (28/75) of direct Nodal targets. The paired
homeodomain proteins Mixer and Bix2 were shown to physically
interact with Smad2 to regulate gsc expression (Germain et al., 2000)
and finding this element on over one-third of direct Nodal target genes
suggests that these proteins play an important role in Nodal signaling.

Another enriched motif we identified is the Heb (bHLH family)
motif (supplementary material Fig. S11), also previously reported
by Yoon et al. (2011) as being over-represented under Foxhl and
Smad peaks in human ESCs. The Heb sequence was also associated
with 18 out of 75 (24%) Foxh1-bound regions in our ChIP-seq data,
consistent with evidence from Yoon et al. that Heb/Tcf12 and E2a/
Tcf3 may also regulate Nodal targets in Xenopus.

A T-box motif is enriched under Smad2/3 peaks on 20% (15/75)
of direct Nodal target genes (supplementary material Fig. S11).
Eomes, a T-box protein, binds Smad2 and has been implicated in
Nodal-mediated mesendoderm induction in Xenopus, zebrafish and
mammalian epiblast stem cells (Armold et al., 2008; Picozzi et al.,
2009; Slagle et al., 2011; Teo et al., 2011). Recently, ChIP-seq
analysis of Eomes has been reported in Xenopus (Gentsch et al.,
2013), allowing for a direct test of whether both Smad2/3 and Eomes
are bound to the aforementioned 15 genes. Our analysis confirms that
12 out of 15 (80%) genes indeed have Eomes bound to the T-box
motifs found under Smad2/3 peaks.
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We found an HMG/Sox motif under Smad2/3 peaks on 27% (21/
78) of direct Nodal target genes. Although there has been no
demonstration that HMG/Sox family TFs interact with Smads, two
SoxF genes, Sox7 and Sox17, are both expressed vegetally and have
been implicated in mesendoderm specification. We hypothesize that
these SoxF proteins might cooperate with Smad2/3. Finally, the Pou
motifis enriched in both our Foxh1 and Smad2/3 ChIP-seq datasets
(see below). We did not find enrichment for Gtf2ird1, Gtf2i or
Tp53 motifs.

PouV in mesendoderm and pluripotency

Among 60 SB431542-sensitive Foxh1-Smad2/3 bound genes, 31
genes (Fig. 4D blue sector, e.g. cxcr4 and hes7.2) were unaffected
by Foxhl MO injection. We hypothesize that these genes are
Foxh1-Smad2/3 targets that receive strong inputs from other TFs
that may act together with Foxhl, or in parallel. TFs predicted by
motif analyses of Foxhl peaks may be involved in this regulation.

Motif enrichment analysis found 47% (37/75) of direct Nodal
targets contain a Pou motif under Smad2/3 peaks (supplementary
material Tables S4 and S6). The involvement of PouV TFs in
antagonizing expression of two Nodal target genes, gsc and mix2
(currently known as mix/), has previously been suggested (Cao
et al., 2008; Levigni et al., 2013). Our analysis of PouV MO-
injected embryos further extends these observations by identifying
two other Nodal targets (nodal2, mespb) that are subjected to
regulation by PouV (no Pou motif is present under Smad2/3 peaks
on the X. tropicalis mix1 gene). Interestingly, 37% (13/35) of the
direct Nodal targets containing Pou motifs are not co-bound by
Foxhl, suggesting that the Foxh1-PouV interaction may not be the
only mechanism for regulation of these genes.

Human ESCs (hESCs) are likely of epiblast origin, which is
comparable to late blastula in Xenopus. Frog embryonic cells at this
stage are pluripotent, can be directed into all three germ layers by
appropriate signals and thus have characteristics that mirror ESCs.
Furthermore, although hESCs require Activin/Nodal signaling for
maintenance of pluripotency, high doses of Activin drive these cells
into mesendodermal lineages. Perhaps PouV-mediated regulation of
Nodal targets in Xenopus is analogous to Pou5Sfl regulation of
pluripotency in epiblast and hESCs. Experiments differentiating
hESCs into definitive endoderm have indeed shown that Pou5f1
represses a number of Nodal-induced endodermal markers,
including gsc (Teo et al., 2011), which we showed are similarly
repressed in Xenopus. These observations support a model for
evolutionarily conserved PouV-mediated repression of Nodal-
dependent mesendodermal differentiation.

Nodal-independent Foxh1 functions and repression

Our KS tests confirm the view that FoxH1 generally functions as a
transcriptional activator. The nodal5, nodal6 and flkl genes were
previously implicated to be repressed by Foxhl in either X. laevis
or zebrafish (Choi et al.,, 2007; Kofron et al., 2004b), but in
X. tropicalis, neither Foxh1 nor Smad2/3 binding to these genes was
detected. Thus, the observed repression by Foxh1 may be indirect or
occurs at stages other than the early gastrula. Our analysis also
suggests that foxhl is negatively autoregulated as foxhl MO
injection increases the expression of foxhl itself. However, ChIP-
seq fails to find Foxhl binding to the foxhl gene, implying that
negative autoregulation is indirect.

Our analysis revealed 72 Foxhl direct targets that are regulated
independently of Nodal signaling (supplementary material
Table S8). Knockdown of foxhl reveals that it acts as both an
activator and repressor, independent of Nodal-Smad2/3. The spatial
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expression patterns of Nodal-independent Foxh1 target genes were
variable in gastrula stage embryos (W.T.C., I.L.B. and KW.Y.C,,
unpublished), unlike the Foxh1-Smad2/3 targets, which are either
mesendoderm-specific or significantly enriched in this region.
Although GO term analysis for the 71 Nodal-independent Foxhl
targets did not reveal useful functional information, the list includes
a noteworthy mix of secreted growth factors, TFs, GTPase
modifiers and adhesion molecules.

Regulation of morphogenesis

Nodal signaling regulates mesodermal morphogenesis by affecting
cellular activities involved in tissue dynamics. Among the 60 direct
Nodal targets, many were previously shown to affect cell behaviors.
One Nodal-regulated TF, snail, is involved in epithelial-
mesenchymal transitions (EMTs) in numerous contexts, and
has been implicated in the morphogenesis of gastrulation (Spring
et al., 2002).

The direct Nodal induction of fIr¢3, a transmembrane protein that
regulates cell adhesion, is necessary for proper morphogenesis
of the organizer cells (Ogata et al., 2007). We found rnd1, pdgfra
and pcdh8.2, confirming previous reports that they were either
responsive to Nodal signaling or implicated as direct targets
(Luxardi et al., 2010; Ogata et al., 2007). We also identified
plekhgs, prickle2, cmtmS8, efnb2, cxcr4, ntn3 and cass4 as direct
Nodal targets that likely participate in morphogenetic movements
during Xenopus gastrulation. Plekhg5 regulates Rndl protein
activity (Goh and Manser, 2012) and thus might function in an
adhesion pathway with rndl and flrt3. prickle? regulates cell
polarity in response to non-canonical Wnt signaling (Antic et al.,
2010; Tao et al., 2012, 2011). cxcr4 regulates endodermal cell
migration during zebrafish gastrulation (Nair and Schilling, 2008)
but its function in Xenopus gastrulation is unknown. cmtm8, efnb?2,
ntn3 and cass4 have all been implicated in EMT, cell migration and/
or differential cell adhesion in various cell types. Here, we have
identified a gene battery that is directly regulated by Nodal and
likely functions in coordinating complex cellular behaviors that
affect morphogenesis during gastrulation. Our future goal is to
further examine the mesendoderm network of Xenopus tropicalis
and better elucidate the conserved GRN architecture involved in
vertebrate gastrulation.

MATERIALS AND METHODS

Embryo handling

X. tropicalis embryos were obtained by in vitro fertilization. Four-cell stage
embryos were immersed in 100 uM SB431542 (Tocris Bioscience) in 1/
9xMMR and cultured at 25°C until mock (solvent)-treated siblings reached
gastrula stage. MO injections were performed at the 2-cell stage.

Polyclonal antibody generation

A GST fusion protein containing amino acids 14-113 of X. tropicalis Foxhl
was produced in BL21 cells and purified using glutathione-agarose
chromatography. Rabbit polyclonal antisera were produced by Covance
and affinity purified.

MO knockdowns and rescue constructs

The foxhI MO sequence is 5'-TCATCCTGAGGCTCCGCCCTCTCTA-3".
A 5'UTR deletion was created by BstBI/Bsu36l digestion of X. tropicalis
Jfoxh1 cDNA TGas103n06 (Gilchrist et al., 2004) followed by self-ligation to
generate a MO-resistant foxhl. PouV MO sequences are: poudf3.1,
5’-CCTGTTGGTTATACATGGTCGGCTC-3’; pou5f3.2, 5'-GCTGTTG-
GCTGTACATGGTGTC-3'; pou5f3.3,5'-GTACAGAACGGGTTGGTCC-
ATGTTC-3'. Full details of the construction of PouV rescue mRNA plasmid
templates can be found in the methods in the supplementary material.
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Immunoprecipitation and western blot

Embryonic extracts from either control or Foxh1 MO-injected mid-gastrula
embryos were immunoprecipitated followed by western blot analysis. Anti-
Foxhl1 antibody coupled to CNBr-activated sepharose (GE Healthcare) was
used for immunoprecipitation. Beads were washed, boiled in SDS sample
buffer, and eluent was subjected to western blot analysis. The blot was
probed with anti-Foxh1 and then HRP-coupled anti-protein A antibodies.
Anti-B-catenin antibody was used to control for morpholino specificity. For
Smad IP-westerns, extracts were incubated with either Smad2/3 or Smad1/5/
8 antibodies coupled to CNBr-activated beads. After washing, eluted Smad
protein was subjected to western blotting and probed with either anti-
pSmad2 or anti-pSmad1/5/8. Bands were visualized using HRP-coupled
secondary antibody using an ECL Prime kit. Membranes were re-probed
with anti-Smad2/3 or anti-Smad1/5/8. Details of antibodies are given in
supplementary material Table S11.

Quantitative RT-PCR analysis

RNA samples from morphant or control were reverse transcribed using
MMLYV reverse transcriptase (Invitrogen). Quantitative RT-PCR of cDNA
samples was performed using a Roche LightCycler 480. Details of primers
are given in supplementary material Table S9.

RNA-seq analyses

Total RNAs were extracted from control and experimental early gastrulae as
described previously (Chomczynski and Sacchi, 1987). Total RNA was
oligo(dT) selected and fragmented, and libraries were prepared for single-
end sequencing using a TruSeq RNA-seq sample preparation kit (Illumina).
More details can be found in the methods in the supplementary material.

ChiP

Anti-Smad2/3 (1.5 ug) and custom anti-Foxh1 (4 pg) antibodies were used per
100-embryo-equivalents of chromatin for ChIP. Two thousand early gastrulae
were subjected to ChIP for each antibody. Formaldehyde fixation, sonication,
immunoprecipitation and washing steps were performed as previously
described (Lee et al., 2006, Stewart et al., 2006) with modifications.
Immunoprecipitated chromatin was purified and resuspended in Qiagen EB
solution for subsequent library generation using NEXTflex ChIP-Seq Kit
(Bioo Scientific). More details can be found in the methods in the
supplementary material. Details of primers are given in supplementary
material Table S10.

For sequential ChIP, embryos microinjected with FLAG-tagged Pou5{3.2
mRNA were fixed at late blastula stage 9. Crosslinked chromatin was first
immunoprecipitated using anti-Foxhl antibody, followed by the regular
ChIP washes. Immunocomplexes were eluted and subjected to a second
immunoprecipitation with mouse anti-FLAG M2, anti-Foxh1 or rabbit anti-
IgG antibodies, then washed and eluted. DNAs were extracted, purified and
subjected to qPCR.

Bioinformatics

Differential gene expression analysis of RNA-seq data was performed using
TopHat (v. 1.3.3) (Trapnell et al., 2009) and Cuffdiff (v. 1.3.0) (Roberts
et al., 2011). ChIP-seq reads were mapped using Bowtie (v.0.12.9)
(Langmead et al., 2009); peaks were called using MACS (v.2.0.10) (Zhang
et al., 2008) and SISSRs (v.1.4) (Jothi et al., 2008). De novo motif analyses
used MEME (v.4.9.0) (Bailey and Elkan, 1994). STAMP/TOMTOM were
used to find candidate proteins in public databases: TRANSFAC (v.11.3),
UniPROBE and JASPAR CORE 2009. FIMO (v.4.9.0) (Grant et al., 2011)
was used to search for motifs within genomic regions. GO analyses were
performed using DAVID Bioinformatic Resources 6.7 (Huang et al., 2009).
More details can be found in the methods in the supplementary material.
The Gene Expression Omnibus accession number for high-throughput
sequencing data reported in this paper is GSE53654.

Kolmogorov-Smirnov analysis

ChIP peak calls were compared with RNA-seq differential expression data
(Foxh1 MO or SB-431542) using a Kolmogorov-Smirnov (KS) plot, similar
to Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005). More
details can be found in the methods in the supplementary material.
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