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ABSTRACT OF THE DISSERTATION 
 

Title: The role of maternal Foxh1 in the activation of the  

mesendoderm gene regulatory network 

by 
 

Rebekah Charney Le 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2016 

Professor Ken W. Y. Cho, Chair 

 
Germ layer specification is one of the earliest developmental events in metazoan 

organisms, and relies upon the combinatorial interactions of signaling pathways and 

transcription factors (TFs), and the epigenetic landscape. A complete understanding of 

the gene regulatory program that contribute to the specification of the mesoderm and 

endoderm (‘mesendoderm’) in vivo is a crucial unanswered question. The Nodal 

signaling pathway, which is zygotically activated in the vegetal hemisphere of the early 

Xenopus embryo, is transcriptionally mediated by the TF Foxh1 and plays a key role in 

mesendoderm development. It has been suggested that Foxh1 plays dual regulatory 

roles in transcriptional mediation, and also functions independently of Nodal signaling. 

However, little is known about the contribution of Foxh1 to the activation of the 

mesendoderm program via TF binding to cis-regulatory modules (CRMs). 

 Here, I have investigated the early functions of Xenopus Foxh1. I have utilized 

chromatin immunoprecipitation (ChIP) coupled with deep sequencing to investigate the 

genome-wide in vivo binding patterns of Foxh1 over the time course of early 

mesendoderm development, and compared Foxh1 occupancy to the recruitment of 
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RNA polymerase II, epigenetic marks, and zygotic factors. I have found that Foxh1 

binding is dynamic and bookmarks the early embryonic genome before zygotic genome 

activation. Furthermore, this early binding recruits the co-repressor Groucho/Tle. I 

identified a population of Foxh1 persistent peaks that are occupied throughout early 

mesendoderm development. These persistent peaks are marked as active enhancers, 

and recruit Smad2/3 and the zygotic pioneer factor Foxa. Therefore, they are likely 

critical mesendoderm CRMs, likely pioneered by Foxh1. 

 Further, through mRNA-seq coupled with loss-of-function, I’ve expanded the list 

of bona-fide direct Foxh1 and Nodal signaling targets throughout mesendoderm 

development. Foxh1 direct targets appear dynamically regulated across the time course, 

and I confirm that Foxh1 functions dually as an activator and repressor. Temporal 

analysis of the expression of Foxh1 repressed targets suggests that Foxh1 plays a role 

in the regulation of maternal genes. 

My findings indicate a complex role for maternal Foxh1 at the top of a temporal 

hierarchy in the regulation of the early mesendoderm gene regulatory program. I 

propose a model whereby Foxh1 interacts with transcriptional co-repressors and 

activators in a context-specific fashion to regulate enhancer activation through both time 

and space. As the roles of Nodal signaling and Foxh1 in mesoderm and endoderm 

development are conserved among vertebrates, the findings presented here will have 

broad impacts in the fields of developmental, evolutionary, and stem cell biology. 
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The Xenopus mesendoderm gene regulatory program 
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Early embryogenesis relies upon the combinatorial interactions of signaling pathways, 

transcription factors (TFs), and the epigenetic landscape. The integration of these 

factors (‘inputs’) leads to a specific transcriptome profile (‘outputs’) that determines the 

identity of a particular cell. ‘Hotspots’ for this integration are cis-regulatory modules  

(CRMs) – combinations of regulatory elements, such as enhancers, where TFs bind to 

specific sequence motifs and recruit the necessary co-factors (Levine, 2010). CRMs are 

critical for the proper implementation of gene regulatory programs in development, and 

can modulate cell specification over both time and space. These complex programs can 

be organized and visualized through gene regulatory networks (GRNs), or logic maps 

(see Davidson et al., 2002; Levine and Davidson, 2005). 

Germ layer specification is one of the earliest developmental events in metazoan 

organisms, preceding the establishment of the organ and tissue primordia that form the 

complex adult organism. Cells of the three primary germ layers – the ectoderm, 

mesoderm, and endoderm – become further specified along specific tracks. Ectodermal 

cells form the epidermis and nervous system; mesodermal cells become blood, muscle, 

kidneys, notochord, and connective tissue; and endodermal cells become the 

gastrointestinal and respiratory tracts (reviewed in Kiecker et al., 2015). A complete 

understanding of the GRNs that contribute to the specification of the germ layers in vivo 

is a critical and complex unanswered question in developmental and evolutionary 

biology. Furthermore, recent advances in regenerative medicine and stem cell biology 

bring with them the promise of a new era of personalized medicine, aided by highly 

efficient in vitro differentiation techniques reviewed in (Spence and Wells, 2007). These 
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goals can be aided by a strong understanding of complex in vivo cellular differentiation 

programs. 

Numerous human congenital diseases result from abnormal formation of the 

mesoderm and endoderm (Sakabe et al., 2005; Spence and Wells, 2007), and so 

researchers have been particularly interested in understanding their vivo differentiation. 

In this chapter, I review the current understanding of the Xenopus mesendodermal gene 

program, which is initiated concurrently with activation of the zygotic genome. 

Historically, Xenopus has been a powerful system for the study of early germ layer 

development. A single female frog can produce thousands of eggs in a single day, and 

the ability to easily manipulate the embryo (reviewed in Blitz et al., 2006) has generated 

a relatively good understanding of the critical factors required for early mesendoderm 

formation. However, detailed mechanisms for how these factors interact and integrate 

inputs to initiate and maintain the regulatory program is still unclear. I begin by providing 

an overview of early mesoderm and endoderm formation, with a focus on the role of 

TGFβ signaling. I then highlight the role of maternal factors in activating this program at 

the onset of zygotic gene activation (ZGA), with special attention to the current 

characterization of pre-ZGA transcriptionally silent chromatin. Finally, I review how 

recent high-throughput sequencing (HTS) studies have broadened our understanding of 

the mesendoderm GRN by allowing for the large-scale identification of direct target 

genes. 
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Nodal signaling is required for early mesendoderm formation in Xenopus 

In the Xenopus blastula, the prospective germ layers are arranged along the animal to 

vegetal axis, with the endoderm arising from the vegetal mass, the ectoderm stemming 

from the animal cap cells, and the mesoderm induced in the marginal zone (reviewed in 

Zorn and Wells, 2009). During early blastula stages, there is an overlap between 

mesodermal and endodermal cells, and vegetal cells have the capacity to form all three 

germ layers (Wylie et al., 1987). However, vegetal cells are committed to the 

endodermal lineage by the beginning of gastrulation. Throughout this dissertation, I will 

refer to the endoderm and mesoderm collectively as the ‘mesendoderm.’ 

Through the search for key mesoderm inducers, the Nodal signaling pathway 

emerged as necessary for the initiation of both the endoderm and mesoderm in 

vertebrates. The five Xenopus Nodal ligands are zygotically activated through the 

functions of the maternal TF Vegt, which is asymmetrically localized to the vegetal pole 

of the egg (Zhang et al., 1998; Kofron et al., 1999) (see also below). The broader 

functional role of Nodal signaling in Xenopus has been investigated using a variety of 

mechanisms to inhibit the pathway, including (1) the overexpression of a carboxyl-

terminal fragment of the secreted multifunctional inhibitor Cerberus (Cer-S) (Agius et al., 

2000), (2) injection of dominant negative cleavage mutants (cmXnr2 and cmXnr5) 

(Osada and Wright, 1999; Onuma et al., 2002), and (3) treatment with SB431542, a 

chemical inhibitor of Nodal signaling that has been shown to selectively inhibit the 

kinase domain of the Nodal Type I receptors ALK4, ALK5, and ALK7, resulting in the 

specific inhibition of phosphorylated Smad2 in cell culture, Xenopus animal caps, and 

zebrafish (Inman et al., 2002; Ho et al., 2006). These works together have revealed that 

4



the inhibition of Nodal signaling results in the disruption of endoderm and mesoderm 

formation, a severe delay or complete disruption of gastrulation movements, and a 

shortened anteroposterior (A-P) axis with a severe reduction of anterior or posterior 

structures (Osada and Wright, 1999; Sun et al., 1999; Agius et al., 2000; Onuma et al., 

2002; Ho et al., 2006; Chiu et al., 2014). Critical roles for Nodal signaling include not 

only mesendoderm formation, but coordinating the movements of gastrulation, and left-

right patterning (Schier, 2003). 

The major components of the Nodal signaling pathway – part of the TGFβ 

superfamily – are well characterized and conserved (reviewed in Shen, 2007) (Figure 

1.1). Briefly, the Nodal ligand binds to a Type II receptor, which recruits and activates a 

Type I receptor, both of which are transmembrane serine/threonine kinases. The 

activated Type I receptor then phosphorylates the R-Smads (Smad2/3), allowing the 

TFs to interact with the co-Smad (Smad4) and translocate to the nucleus where the 

complex regulates gene expression. While Smads have the ability to interact with DNA 

via their MH1 domain, their binding affinity is weak (Shi, 1998). In addition, Smad 

binding to DNA alone cannot account for the varied, cell-type specific responses to 

Nodal signaling, as the Smad-binding element (CAGAC) is present at a high frequency 

in the genome (Massagué and Wotton, 2000). Therefore, specific target gene regulation 

appears to be achieved through the interaction of the activated Smad2/Smad4 complex 

with additional co-factors (Massagué and Wotton, 2000). To date, a number of TFs 

have been implicated as Smad2/3 co-factors in Xenopus early embryos, including 

Foxh1, Eomes, Foxh1.2, Gtf2i, Gtf2ird1, Mixer, Tcf3 and Tp53 (Chen et al., 1996; Chen 

et al., 1997; Germain et al., 2000; Howell et al., 2002; Ring et al., 2002; Cordenonsi et 
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Figure 1.1 Schematic of the Nodal signaling pathway. The activated Smad complex 
regulates target gene expression by interacting with co-transcription factors such as 
Foxh1. 
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al., 2003; Ku et al., 2005; Slagle et al., 2011; Teo et al., 2011; Yoon et al., 2011). These 

numerous co-TFs highlight the complex roles for Nodal signaling during early 

development. Of these, the maternal TF Foxh1 is a likely co-factor in the early 

transcriptional mediation of Nodal signaling. 

How this pathway functions in the early formation of the mesendoderm has been 

the focus of extensive study. The vegetal localization Vegt results in the high expression 

of Nodal ligands the vegetal hemisphere, and their absence in the animal pole. 

Interestingly, the maternal TGFβ ligand Gdf1 (previously known as Vg1) is also 

localized to the vegetal cells (Weeks and Melton, 1987), and likely plays a role in 

anterior mesendoderm formation (Birsoy et al., 2006); however, the endogenous role of 

Gdf1 has been difficult to understand, in part due to the inefficient conversion of the 

ligand precursor into its mature form (reviewed in Kiecker et al., 2016). Overall, the 

vegetal localization of Nodals and Gdf1 is consistent with the model in which varying 

levels of Nodal promote endoderm (high Nodal) and mesoderm (low Nodal), which has 

been observed in Xenopus explant experiments (Clements et al., 1999). Additionally, 

Foxh1-dependent positive feedback loop promoted by Nodal and Nodal1 maintains high 

levels of the signal in the endoderm (Osada et al., 2000; Norris et al., 2002). 

In addition to germ layer patterning along the animal-vegetal axis, Nodal 

signaling is critical in patterning the embryo along the dorsal-ventral axis. While vegt is 

equally inherited in vegetal tissue, Nodal signaling is higher the dorsal mesendoderm in 

the Xenopus blastula (Agius et al., 2000; Faure et al., 2000). This pattern is attributed to 

high levels of Wnt/β-catenin signaling on the dorsal side of the embryo, which regulates 

the expression of Nodal ligands, and in particular the early activation of nodal5 and 
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nodal6 (Yang et al., 2002; Xanthos et al., 2002). The Wnt ligand most likely associated 

with this regulation – and the early functions of Wnt signaling in general – is maternal 

wnt11, which is localized to the vegetal pole in the egg and relocated to the dorsal 

vegetal cells following cortical rotation (Ku and Melton, 1993; Tao et al., 2005). Both 

Nodal and Wnt signaling are critical for the formation of the Nieuwkoop center and 

subsequent induction of the Spemann organizer (Reid et al., 2012). Bmp signaling 

induces the ventral fate, and is antagonized by extracellular factors secreted from the 

organizer (e.g. chrd). Taken together, Xenopus mesendoderm formation is highly 

controlled by maternal Vegt, and the Nodal and Wnt signaling pathways, which 

synergize at the onset of zygotic gene activation. 

 

Early repressive chromatin and zygotic gene activation 

The formation of the mesendoderm, as discussed above, is generally considered to 

begin in the blastula embryo at the onset of zygotic gene activation (ZGA). In Xenopus, 

like most metazoans, there is a period of transcriptional quiescence following 

fertilization. The specific mechanisms involved in this transcriptional quiescence are 

unclear. Early work suggested that the timing of ZGA was controlled through the titration 

of a maternally inherited repressor as genomic content increased (Newport and 

Kirschner, 1982a,b). The exact nature of such a repressor, however, is unknown. 

During Xenopus oogenesis, the maternal genome is highly transcriptionally active, as it 

pre-loads mRNAs into the egg needed for early development. However, the genome of 

the mature egg is transcriptionally silent (Bogdanovic et al., 2011). Work by 

Landsberger and Wolffee (1997) demonstrated that this silencing is due, at least in part, 
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to a changing balance between the availability of transcriptional activators and 

repressed chromatin that occurs during oocyte maturation. Furthermore, this 

nucleosome dense chromatin is thought to be maintained in the early cleavage stage 

embryo (Veenstra et al., 1999). Unfortunately, despite the importance of investigating in 

vivo, genome-wide chromatin landscapes (for example, see Thomas et al., 2011 for 

work in Drosophila), these high-resolution analyses have not been performed in early 

stage Xenopus embryos. However, a recent report by Lu et al. (2016) examining 

changes in DNase hypersensitivity in the pre-implantation mouse embryo finds very few 

hypersensitive sites in the pre-ZGA 1-cell embryo, followed by a progressive 

accumulation of sites in the following cell divisions. These findings support the notion of 

global pre-ZGA repressive chromatin. 

In addition, to date, there have been no reports on the epigenetic patterns in 

cleavage stage, pre-ZGA, Xenopus embryos. Well-characterized histone modifications 

such as the permissive H3K4me3 and repressive H3K27me3 modifications (Akkers et 

al, 2009; Vastenhouw et al., 2010; reviewed in Bogdanovic et al., 2012) are reported 

beginning in the blastula (stage 9), creating a permissive landscape for gene expression 

(Hontelez et al., 2015; Lindeman et al., 2011; Akkers et al., 2009).  

All together, it is unclear how chromatin accessibility and epigenetic states are 

established for a selected group of genes during ZGA and germ layer specification. 

Interestingly, in Xenopus, enrichment of H3K4me3 and H3K27me3 has recently been 

shown to be predominately under maternal control, as these marks are unaffected by 

the inhibition of zygotic transcription (Hontelez et al., 2015). The maternal factors 

controlling the enrichment of these marks are unknown. 
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In Xenopus, ZGA was originally defined as part of the mid-blastula transition 

(MBT), which occurs after the first 12 cleavage divisions (approximately Nieuwkoop-

Faber stage 8.5), and is also marked by a slowing of the cell cycle (Newport and 

Kirschner, 1982a,b). This developmental period represents a major bolus of rapid 

transcription of genes important for germ layer development and gastrulation (Newport 

and Kirschner, 1982a,b; Kimelman et al., 1987; Yang et al., 2002). More recently, 

however, and in particular due to high-sensitivity analyses, minor pre-MBT zygotic 

transcription has been observed (e.g. nodal5/6, sia1) (Yang et al., 2002; Skirkanich et 

al., 2011; Collart et al., 2014; Owens et al., 2016). In particular, high-resolution 

transcriptome profiling from Collart et al. (2014) and Owens et al. (2016) are revealing a 

larger number of genes zygotically activated – defined as transcript level deviating from 

the baseline – before the classically defined MBT. Therefore, it is useful to view ZGA as 

a continuum rather than a discrete point in developmental time, and address how these 

early expressed transcripts contribute to the broader activation of the network.  

 

Maternal factors contribute to mesendoderm formation 

The global transcriptional silence between fertilization and zygotic gene activation 

means that – during cleavage and early blastula stages – the embryo replies upon 

maternally stored mRNA and protein. These maternal factors are critical for early 

embryo patterning, as is two-fold. First, they support the metabolic events of the early 

embryo, which consists of rapid cell divisions (Heasman, 2006). Second, localized 

maternal materials (determinants) are inherited into specific blastomeres during 

cleavage stages. Thus, maternal factors are critical for laying the establishment of 
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embryonic polarity, and the formation of the mesoderm and endoderm (Heasman, 2006; 

Schier and Talbot, 2005). As such, their incorporation into the mesendoderm GRN is 

critical. 

The best characterized TF important for the initiation of the Xenopus zygotic 

mesendoderm gene program is the T-box factor Vegt. Vegt is asymmetrically localized 

to the vegetal pole during oogenesis (Lustig, 1996, Stennard, 1996; Zhang and King, 

1996), and is thought to be a master regulator of mesendoderm induction, as the 

maternal knock down of vegt in Xenopus laevis results in the loss of mesoderm and 

endoderm (Zhang et al., 1998; Kofron et al., 1999). Vegt is required for the zygotic 

activation of the nodal signaling ligands, as well as the related TGFβ ligand gdf3 (also 

known as derrière) and the FGF ligands fgf3 and fgf8 (Kofron et al., 1999; Xanthos et 

al., 2001). In addition to regulating signaling pathways, Vegt also activates the 

expression of core endodermal TFs, including mix-family TFs (e.g. mix1, mixer), sox17α 

and sox17β, and gata4, gata5, and gata6 (Xanthos et al., 2001). Importantly, the Vegt 

LOF phenotype was rescued by the injection of nodal2 RNA, indicating that a critical 

function of this TF is the zygotic activation of the Nodal signaling pathway. However, the 

extent to which maternal Vegt regulates targets independently of Nodal signaling is 

unknown. Taken together, these finding indicate that Vegt triggers early mesendoderm 

formation in Xenopus. 

However, while Vegt has been found in other frog species, mouse or human 

orthologs have not been identified (White and Heasman, 2007). This begs the question 

of whether other TFs are involved in this process. Recently, genome-wide efforts have 

been made to identify additional maternal factors in Xenopus embryos. RNA-seq has 
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been used to identify transcripts that are differentially localized in the early embryo, and 

therefore likely to contribute to early embryo patterning. De Domenico et al. (2015) 

utilized high-throughput sequencing (HTS) to investigate asymmetrically distributed 

RNAs by profiling blastomeres from 8-cell stage embryos, identifying 65 genes 

reproducibly enriched in the vegetal pole, and 9 in the animal pole. The finding that the 

vegetal pole contains a higher number of localized factors than the animal pole is 

consistent with previous microarray analysis investigating transcripts enriched in the 

animal hemisphere (Grant et al., 2014). Interestingly, the analysis performed by De 

Domenico et al. (2015) did not reveal any asymmetrically localized genes across the 

dorsal-ventral axis, which is consistent with previous qPCR-based localization analysis 

of 41 maternal genes (Flachsova et al., 2013). Importantly, these HTS studies seemed 

to validate a common core of factors asymmetrically localized in Xenopus vegetal tissue 

(see below), and globally indicate that the presence of asymmetric maternal factors is 

greater in the vegetal pole than animal pole. Novel asymmetrically localized transcripts 

– particularly TFs – identified in these and future studies should be further examined for 

their role in mesendoderm formation, as well as animal pole pre-patterning.  

Taken together, current literature indicates that, in addition to Vegt, the TFs Otx1 

and Sox7 are prime candidates for TFs important for the activation of the mesendoderm 

regulatory program. The homeobox TF otx1, related to the Drosophila gene 

orthodenticle, was previously implicated, along with otx2 (Blitz and Cho, 1995), in head 

organizer functions (Andreazzoli et al., 1997). While otx2 is zygotically expressed, otx1 

is maternal and vegetally localized (Pannese er al., 2000). It is currently unknown how 

maternal Otx1 contributes to the activation of the mesendoderm program. Next, the 
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maternal SoxF group TF Sox7 has been implicated in the activation of mesendoderm 

targets, as the injection of Sox7 RNA into naive animal caps resulted in the up 

regulation of the Nodal ligands and the endoderm TFs mixer and sox17β (Zhang et al., 

2005). Interestingly, through overexpression analysis, Zhang et al. (2005) report that 

Vegt regulates Sox7 expression, which could indicate the existence of a positive 

feedback loop among these factors. It will be critical to investigate the combinatorial 

functions of these localized TFs in mesendoderm development.  

Finally, recent whole embryo transcriptome profiling studies (Paranjpe et al., 

2013; Collart et al., 2014; Owens et al., 2016) made use of polyA-selected and 

ribosome-depleted RNA-seq to investigate the set of transcripts during early Xenopus 

tropicalis development, including those that are pre-loaded into the Xenopus egg. In 

combination together with the TF catalogue generated by Blitz et al. (2016), these 

studies can be mined for a greater understanding of the TFs present maternally 

throughout the embryo. While asymmetrically localized transcripts are important for 

embryonic pre-patterning, these factors may also interact with ubiquitously expressed 

factors as part of the activation of the zygotic genome. The identification of the zinc-

finger TF Zelda in Drosophila – which appears to be a master regulation of zygotic gene 

activation – highlights the role of ubiquitously expressed TFs (Liang et al., 2008). 

Whether a similar mechanism occurs in Xenopus – and how such TFs interact with pre-

loaded patterning genes and other co-factors – remains to be seen.  
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Towards the improvement of the mesendoderm gene regulatory network 

Over the last two decades, in the effort to understand the regulatory programs leading 

to the formation of the mesendoderm, there has been a great emphasis on the 

identification of germ layer specific target genes and their upstream regulators. Core 

factors involved in germ layer development and patterning, and their interactions with 

the broader regulatory networks, are being elucidated. For example, the interactions 

between key endoderm TFs such as Mix-like, Gata4-6, Foxa, and Sox17 are being 

investigated (Sinner et al., 2004; Afouda et al., 2005; Dickinson et al., 2006; Sinner et 

al., 2006), and broader mesendoderm GRN have been generated (Loose and Patient, 

2004; Koide et al., 2005). However, while a powerful feature of Xenopus as a model 

system is the ability to easily knock down key TFs and regulators, these analyses are 

prone to the identification of numerous indirect targets. As such, the current 

mesendoderm GRN is lacking in direct binding data to solidify connections between 

targets and upstream regulators. 

The coupling of chromatin immunoprecipitation (ChIP) (Blythe et al., 2009) with 

HTS has considerably improved the identification of direct target genes in vivo. 

Genome-wide binding of β-catenin (Kjolby et al., 2016; Nakamura et al., 2016), Tcf3 

(Wills and Baker, 2015), T-box TFs (Gentsch et al., 2013), Smad2/3 (Chiu et al., 2014); 

Gupta et al., 2014), Foxh1 (Chiu et al., 2014), and organizer genes (Yasuoka et al., 

2014) have all been investigated in Xenopus tropicalis. These recent studies are critical 

for the further refinement of the mesendoderm GRN and the establishment of direct 

connections. Finally, what is striking about these analyses taken together is the extent 

of the purported integration between signaling pathways and critical transcriptional 
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mediators during early development. Of importance, Foxh1 – a Smad2/3 co-factor – is 

also suggested to interact with Tcf3, a Wnt signaling transcriptional mediator (Kofron et 

al., 2004; Yoon et al., 2011), a finding that is strengthened by the identification of the 

Foxh1 binding motif under β-catenin peaks (Nakamura et al., 2016) 

Recently, in an effort to tease out the Nodal signaling-centric GRN, we used a 

combination of ChIP- and mRNA-seq analyses to investigate direct target genes of 

Nodal signaling and the Smad2/3 co-factor Foxh1 (Chen et al., 1996) in early gastrula 

Xenopus tropicalis embryos (Chiu et al., 2014). Based on the dual criteria of TF binding 

and gene expression changes in the LOF, this report uncovered 75 putative direct 

Nodal signaling targets, confirming previously identified targets (e.g. mix1, nodal1) and 

identifying new targets (e.g. wnt8a, frzb). We also identified 109 direct Foxh1 targets, 37 

of which are regulated through Nodal. While these analyses are crucial in elucidating 

the complex roles Nodal signaling and Foxh1 play in during mesendoderm development, 

they represent only a snapshot of developmental time. Importantly, foxh1 is maternally 

inherited (Chen et al., 1996) and ubiquitously expressed (Chiu et al., 2014), and Nodal 

signaling is detected in the blastula (Faure et al., 2000), approximately 2 hours before 

the start of gastrulation. Therefore, to obtain a complete picture of the contribution of 

these factors to the mesendoderm GRN, it is critical to examine their functions earlier in 

development. 

Therefore, for my dissertation, I focused on the early contribution of Foxh1 to the 

mesendoderm GRN, and hypothesized that this forkhead TF is important in the early 

activation of the regulatory program. To address this hypothesis, I focused on two 

specific aims. First, I asked how Foxh1 functions during the earliest stages of 
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embryogenesis, crucially during the period of zygotic gene activation (ZGA) and 

corresponding mesendoderm development (Chapter 2). Second, I addressed the set of 

Foxh1 regulated genes, and additionally, how Foxh1 intersects with Nodal signaling to 

regulate mesendodermal gene expression (Chapter 3). My work utilized the diploid frog 

Xenopus tropicalis – a powerful model system to address the molecular mechanisms of 

early cell specification because its complete genome sequenced (Hellsten et al., 2010) 

and embryos that are readily obtained and manipulated. The importance of Nodal 

signaling and Foxh1 in mesendoderm specification is conserved among vertebrates, 

and therefore, the major features of the network this work will be generally applicable to 

the fields of developmental biology and regenerative medicine. 
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CHAPTER 2 
 

Foxh1 bookmarks cis-regulatory modules to coordinate dynamic transcription factor 

interactions controlling the mesendoderm gene program 
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Abstract 

The interplay between transcription factors and chromatin dictates gene regulatory 

network activity. Germ layer specification is tightly coupled with zygotic gene activation 

and, in most metazoans, is dependent upon maternal factors. We explore the dynamic 

genome-wide interactions of Foxh1, a maternal transcription factor that mediates 

Nodal/TGFβ signaling, with cis-regulatory modules (CRMs) during mesendodermal 

specification. Foxh1 bookmarks CRMs during cleavage stages and recruits the co-

repressor Tle/Groucho in the early blastula. We highlight a population of CRMs that are 

continuously occupied by Foxh1, and show they are marked by H3K4me1, Ep300, and 

Fox/Sox/Smad motifs, suggesting interplay between these factors in gene regulation. 

We also propose a molecular ‘hand-off’ between maternal Foxh1 and zygotic Foxa at 

these CRMs to maintain enhancer activation. These findings suggest that Foxh1 

functions at the top of a hierarchy of interactions by bookmarking developmental genes 

for activation beginning with the onset of zygotic gene expression. 

 

 

 

 

 

 

 

 

 

18



Introduction 

How the genome of the early embryo – through a progressive series of modifications 

controlling zygotic gene expression in ‘time and space’ – ensures proper cellular 

differentiation programs is a key biological question. Crucial to this process are 

transcription factors (TF), which regulate gene expression through interactions with cis-

regulatory modules (CRM) – combinations of motifs present in the regulatory region of 

genes. TFs function not linearly, but in a combinatorial fashion to control the network of 

gene regulation necessary for proper development. TF activities (‘inputs’) are integrated 

at CRMs, which orchestrate the temporal and spatial output of gene expression. 

Dissecting this complex regulatory logic in vivo is critical to a deeper understanding of 

the causal relationship between inputs and cellular phenotypes, and our ability to alter 

differentiation programs controlling cellular states. 

Germ layer specification is one of the earliest developmental events in metazoan 

organisms, and the study of these events provides a simple in vivo system for the 

elucidation of gene regulatory network logic. In a majority of animals, including both 

vertebrates and invertebrates, germ layer specification is dictated by maternally-

localized cytoplasmic materials (determinants) that partition into specific blastomeres 

during cleavage stages (Schier and Talbot, 2005; Heasman, 2006), and then function to 

specify differentiation of cell types. However, understanding how maternal TFs and 

signaling pathway effectors are integrated at CRMs in vivo remains challenging in many 

systems because cell type diversity in embryos introduce difficulty in both experimental 

design and interpretation of the results. Xenopus is an excellent system to study such 

integration because we are able to investigate gene regulatory interactions that occur 

19



early in development when cellular complexity is minimal. Here, we attempt to tease 

apart the interplay between the dynamic DNA binding properties of the maternal TF 

Foxh1 (previously known as Fast1, forkhead activin signal transducer 1), a known 

mediator of the Nodal signaling pathway, and the CRMs controlling the activation of the 

mesendoderm gene regulatory program. 

In Xenopus, maternal TFs such as the T-box protein Vegt play a pivotal role in 

zygotic gene activation (ZGA), and the subsequent induction of the mesoderm and 

endoderm gene regulatory network (Zhang et al., 1998; Kofron et al., 1999). Prior to 

ZGA, cleavage stage chromatin is relatively free of well-characterized histone 

modifications such as permissive H3K4me3 and repressive H3K27me3 marks (Akkers 

et al, 2009; Vastenhouw et al., 2010; reviewed in Bogdanovic et al., 2011). Vegt 

controls the zygotic transcription of the Xenopus Nodal ligands (Kofron et al., 1999; 

Xanthos et al., 2001), initiating Nodal signaling and mesendoderm development 

(reviewed in Whitman, 2001). The Nodal ligands activate the phosphorylation of R-

Smad2/3, which complexes with co-Smad4 to activate targets genes (reviewed in Hill, 

2001). Foxh1 has been implicated as a critical Smad2/3 co-factor (Chen et al., 1996; 

Chen et al., 1997), and has an essential function during mesoderm and endoderm 

development based on studies in Xenopus (Howell et al., 2002; Kofron et al., 2004; 

Chiu et al., 2014) zebrafish (Pogoda et al., 2000; Sirotkin et al., 2000; Slagle et al., 

2011) mouse (Hoodless et al., 2001; Yamamoto et al., 2001) and differentiated human 

embryonic stem cells (hES cells) (Yoon et al., 2011). 

The Cho lab recently investigated the Nodal/Foxh1 gene network in early 

gastrula Xenopus tropicalis embryos through a combination of RNA- and ChIP-seq 
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analyses (Chiu et al., 2014). Here, I identified Foxh1 binding to enhancers of known 

mesendodermal target genes as early as the 32-cell cleavage stage, well before ZGA. I 

then mapped the global occupancy of Foxh1 over a time course from early zygotic 

transcription through the onset of gastrulation, and compared Foxh1 to the DNA binding 

properties of other TFs, RNA polymerase II, and histone markings. We find that early 

blastula Foxh1 binding strongly correlates with the co-repressor Tle (Groucho family), 

marking the genome before RNA polymerase II recruitment. Finally, we identify a set of 

CRMs consisting of Fox/Smad/Sox motifs, and marked by Ep300 and histone 

modifications. These CRMs are primed by Foxh1, and subsequently recruit TFs such as 

Smad2/3 and the pioneer factor Foxa to promote mesendodermal programming. This 

work sheds light on the central role of maternal Foxh1 in laying the groundwork to 

integrate the TFs controlling the mesendodermal gene regulatory program. 
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Results 

Foxh1 protein is abundant prior to Nodal signaling 

Foxh1 functions as a transcriptional mediator for Nodal signaling by interacting with the 

activated Smad2/4 complex (Chen et al., 1996; Chen et al., 1997; Yoon et al., 2011; 

Chiu et al., 2014). In Xenopus, foxh1 mRNA is present in the unfertilized egg (Chen et 

al., 1996; Howell et al., 2002), and our work in Xenopus tropicalis reveals that foxh1 

mRNA is present equally in animal and vegetal halves of the 8-cell embryo (K.P. and 

K.W.Y.C, unpublished results) and ubiquitously in the early gastrula (Chiu et al., 2014; 

Blitz et al., 2016). Recent high-resolution transcriptome analysis performed using polyA-

selected (mRNA-seq) and ribosome-depleted (rdRNA-seq) samples (Owens et al., 

2016) reveals that the majority of maternally expressed foxh1 transcripts are non-

polyadenylated and undergo rapid polyadenylation shortly after fertilization (Figure 2.1A 

and Figure 2.2A). Foxh1 mRNA levels fall rapidly during late blastula and gastrula 

stages, and then increase slightly and briefly during neurulation. 

I next investigated the temporal expression pattern of endogenous Foxh1 protein 

(Figure 2.1B). Foxh1 protein is present at low levels in the unfertilized egg, but becomes 

abundant during cleavage (32-cells, stage 6) and blastula (stages 7, 8, and 9) stages, 

presumably in response to the increase in polyadenylated foxh1 transcripts after 

fertilization. Subsequently, Foxh1 protein expression is drastically reduced in the early 

gastrula (stage 10.5), which correlates with the rapid drop in transcripts by this stage 

(Figure 2.1A). These data suggest that Foxh1 protein levels are dynamically regulated – 

with a probable half-life of less than a few hours – and its expression peaks between 
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Figure 2.1 Foxh1 is maternally expressed prior to Nodal signaling. A) mRNA-seq 
reveals maternally expressed Foxh1 mRNA, which decreases over the course of early 
Xenopus tropicalis development (Owens et al., 2016). Inset depicts foxh1 in ribo-
depleted samples over the same time period.  B) IP-western blot analysis shows Foxh1 
protein over a time course of early development. Arrowhead indicates Foxh1 at ~56kDa. 
The lower band corresponds to the IgG heavy chain from the immunoprecipitation, 
confirmed through a no protein control (not shown). C) The five Xenopus Nodal-related 
ligands are zygotically activated, as revealed by mRNA-seq analysis (Owens et al., 
2016). D) IP-western blot analysis of phospho-Smad2/3 and pan-Smad2/3 reveal that 
Nodal signaling is detected beginning in the stage 9 blastula. Digital images of embryos 
(Nieuwkoop and Faber, 1994) are from Xenbase. 
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cleavage and late blastula stages, coinciding with the initiation of germ layer 

specification. 

Since Foxh1 is a known transcriptional mediator of Nodal signaling, I investigated 

the onset of Nodal signaling compared to Foxh1 protein. Transcriptome analysis shows 

that there are no maternal Nodal transcripts (Figure 2.1C and Figure 2.2B). Nodal5 and 

nodal6 transcripts are the earliest expressed nodal genes detected in Xenopus 

tropicalis at ~3-3.5 hours post fertilization (hpf), followed by nodal, nodal2, and nodal1, 

which are transcribed beginning between 4-5 hpf. To determine the onset of Nodal 

signaling, I investigated the phosphorylation of Smad2/3 over early development (Figure 

2.1D). While Smad2/3 is expressed maternally (Figure 2.2C and D), the phosphorylated 

form of Smad2/3 (pSmad2/3) was first detected at the beginning of stage 9 (~1-2,000 

cells) in Xenopus tropicalis. This result is consistent with previous reports revealing the 

detection of pSmad2/3 beginning at stage 9 in Xenopus laevis (Faure et al., 2000; Lee 

at al., 2001). Using immunoprecipitation, pSmad2/3 was detected in stage 8 Xenopus 

laevis embryos (Skirkanich et al., 2011). A small difference in embryo staging may have 

contributed to the difference between my results and those of Skirkanich et al. (2011). 

Finally, these results demonstrate that while there are other TGFβ ligands that signal 

through pSmad2/3, such as maternal Gdf1 (also known as Vg1) and zygotic Gdf3 (also 

known as Derrière) (Figure 2.2E and F), endogenous Smad2/3 is not activated during 

cleavage stages (see also Faure et al., 2000). Taken together, these data demonstrate 

that Nodal signaling begins in the late blastula, coinciding with the period in which 

Foxh1 protein is abundantly expressed. However, I also note that Foxh1 expression 

level is high before the onset of Nodal signaling. 
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Figure 2.2 Expression patterns of TGFβ signaling components. Ribosome-depleted 
RNA-seq (rdRNA-seq) reveals (A) the maternal expression of foxh1 and (B) zygotic 
expression of nodal ligands. C) PolyA+ RNA-seq and D) rdRNA-seq confirm the 
maternal expression of smad2 and smad3. E) PolyA+ RNA-seq and F) rdRNA-seq 
expression patterns of TGFβ-related ligands gdf1 (also known as vg1) and gdf3 (also 
known as derrière) reveal maternal gdf1 and zygotic transcription of gdf3. However, 
pSmad2/3 is not detected until stage 9 (Figure 1D). All transcriptome analysis is from 
Owens et al. (2016), clutch A. 
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Dynamic Foxh1 interactions with the genome during early Xenopus tropicalis 

development 

Since Foxh1 protein expression is highly dynamic, I investigated Foxh1 binding over a 

time course of early germ layer development, which coincides with ZGA. Chromatin 

immunoprecipitation coupled with deep sequencing (ChIP-seq) was performed in the 

early blastula (stage 8, ~500 cells), late blastula (stage 9, ~2,000 cells), and in the early 

gastrula (stage 10.5, ~10,000 cells), using two biologically independent samples (Figure 

2.3A). We used the ‘irreproducibility discovery rate’ (IDR) analysis (Li et al., 2011) to 

identify a set of high confidence peaks at each time point (Figure 2.3B). A total of 

40,884 bound regions were identified over the entire time course, some of which are 

present at a specific stage, and others across multiple stages. Overall, Foxh1’s genomic 

occupancy is higher in the blastula (stages 8 and 9) than in the early gastrula (stage 

10.5), at which point most Foxh1 occupancy is drastically reduced (clusters II and IV) or 

absent (clusters III, V, and VI) (Figure 2.3C). The observed reduction of Foxh1 binding 

by stage 10.5 is in line with the large drop in relative amount of protein by this stage 

(Figure 2.1B). While the patterns of Foxh1 enrichment between stage 8 and 9 were 

similar, we also observed clusters with varying levels of enrichment (cluster V ‘high 

signal at stage 8’ and cluster IV ‘high signal at stage 9’) between the stages.  

IDR analysis identified 28,611 Foxh1 peaks at stage 8 and 29,935 at stage 9, 

indicating a broad role for Foxh1 in the blastula (Figure 2.3D). We find that the majority 

of blastula peaks are not maintained at the beginning of gastrulation (stage 10.5), and 

only 1,290 regions are bound at this stage (Figure 2.3D). The vast majority of these 
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Figure 2.3 Foxh1 binding is dynamic across early Xenopus tropicalis 
development. A) Overview of Foxh1 ChIP-seq time course at early blastula (~500 
cells), late blastula (~2,000 cells), and early gastrula (~10,000 cells). B) Irreproducibility 
Discovery Rate (IDR) plots for the two biological replicates at each stage. These plots 
demonstrate the consistency of the two replicates. The transition between reproducible 
(low IDR value) and non-reproducible (high IDR value) peaks is observed. C) Clustered 
heatmaps depicting Foxh1 ChIP-seq signal at each stage centered on the summit of all 
Foxh1 IDR peaks. D) Venn diagram comparing Foxh1 IDR peaks between each stage. 
E) Venn diagram displaying the overlap of Foxh1-associated genes within 10kb at each 
of the three stages. 
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Table 2.1 List of 611 genes associated with Foxh1 persistent peaks within 10kb. 
 

 

abr cers4 fhdc1 id3 mespa pdrg1 rundc1 tmem106b Xetro.D01067 Xetro.I01507
acbd3 cgn flrt3 ido1 mespb pdzrn4 ryk tmem131 Xetro.D01166 Xetro.I02016
acer1 chmp5 fndc3a.2 igf3 met pfkfb3 sall1 tmem178.1 Xetro.D01232 Xetro.I02067
acmsd chrd foxa4 il6st mex3b pfkfb4 sdf4 tmem238 Xetro.D01570 Xetro.I02123
acvr1 cldn4 foxd2 ipmk mfsd1 phf10 sebox tmem45a Xetro.D01669 Xetro.J00224
adam33 cldn6.2 foxd4l1.1 irf2bp2 micall1 phip sema6d tmem63a Xetro.D02014 Xetro.J00296
adamts5 clic1 foxi4.2 irf2bpl micall2 pigt sgk223 tmprss11f Xetro.D02198 Xetro.J00561
adamts7 cmtm5 foxj1 irf6 mid2 pitx2 sh3bp4 tns3 Xetro.D02289 Xetro.K00610
admp cmtm8 foxn3 irx3 mipep pkdcc.1 six1 top2b Xetro.D02297 Xetro.K00726
agap1 cnot8 foxp4 itgb1 mix1 pkdcc.2 ski trerf1 Xetro.D02419 Xetro.K00739
akap12 cox18 frk itpka mixer plekhg3 skil trim71 Xetro.D02430 Xetro.K00799
aldh1a2 cpe frmd4a itpr2 mkln1 plekhg5 slc11a2 try10 Xetro.D02566 Xetro.K01017
alkbh6 crcp frmd4b jmjd6 mll plekhh2 slc12a3.2 tspan1 Xetro.E00146 Xetro.K01365
als2cr12 crhr1.2 frmd8 kat7 mllt10 plekho1 slc22a15.2 tspan11 Xetro.E00950 Xetro.K02552
ank2 crtc3 frzb kcna3 mob2.1 plk3 slc25a13 ttc27 Xetro.E00954 Xetro.K02738
apitd1 crx fus kcne1 mob2.2 pmm2 slc25a24 ugp2 Xetro.E00955 Xetro.K02742
aplnr csrnp1 fzd10 kiaa0196 morn3 pnck slc29a1 ulk2 Xetro.E01036 Xetro.K03115
arhgap29 ctif fzd3 kiaa1217 mprip pnhd slc2a10 uncx Xetro.E01051 Xetro.K03944
arhgap33 ctsa fzd6 kif19 mpv17l polr2b slc4a3 usp28 Xetro.E01313 Xetro.K05038
arhgap39 cxcr4 fzd7 kitlg mrpl24 polr3b slc6a17 vegt Xetro.E01368 Xetro.K05059
arhgap4 dab2 fzd8 klf17 msx1 pou3f1 slc6a4 ventx3.1 Xetro.E01381 Xetro.K05105
arhgef3.2 ddit4 gad2 klhl11 mthfd2 pou3f2 slc7a15 ventx3.2 Xetro.E01525 Xetro.K05254
arhgef6 deaf1 gadd45a kndc1 mtx2 ppfia2 slc9a3 vezf1 Xetro.F00269 xrn2
arid2 dek gadd45g krit1 myc pphln1 slc9a8 vsig4 Xetro.F01399 zcchc11
arl13b depdc1 galnt7 lama1 myef2 ppp1r42 smad1 wdpcp Xetro.F01562 zfand5
arl4c dkkx gata2 lama5 myl9 pqlc1.1 smad6 wdr45 Xetro.F01804 zic3
arl5c dlc gata4 lasp1 myos prdm1 smarcd2 wdr69 Xetro.F01806 znf143
arpc4 dlgap5 gdf3 ldb2 nagpa prex2 snai1 wipi2 Xetro.F01962 znf217
ash2l dll1 gfi1 leap2 nav1 prickle1 snai2 wisp3 Xetro.G00116 znf280d
atcay dnajc11 gfpt1 lefty ndfip1 prickle3 sncb wnt8a Xetro.G00135 znf521
atg16l1 drd4 gli1.2 lemd3 ndnl2 prr5l socs2 xepsin Xetro.G00140 znf608
b3galt5 dsp gnai1 lfng nedd4l prtg sort1 Xetro.A00297 Xetro.G00371 znf706.2
b3gat3 dusp5 gpc4 lhx1 nedd9 ptcd3 sox17b.1 Xetro.A00814 Xetro.G00553 znf710
b3gntl1 dyrk3 gpd1l lhx5 nfib pten sox8 Xetro.A00818 Xetro.G00782 zswim4
baiap2 eef1g gpr160 lin28b ngfr ptpn3 spata17 Xetro.A00964 Xetro.G00875 zswim5
bcl2l12 efha2 grasp lin9 nipal4 ptpn4 spen Xetro.A01787 Xetro.G01163
best2 efnb1 grhl1 lingo1 nkx2-5 ptprr spice1 Xetro.A01836 Xetro.G01196
bicd2 efnb2 gripap1 lmtk2 nkx2-6 ptpru spns2 Xetro.A01928 Xetro.G01223
bix1.1 egln1 grpel2 loc388630 nkx6-2 pvrl2 spred1 Xetro.A02401 Xetro.G01453
c10orf140 eomes grsf1 LOC496296 nodal pygm spry1 Xetro.A02456 Xetro.G01530
c12orf34 epha4 gs17 lpar2 nodal1 rab23 spry2 Xetro.A02617 Xetro.G01588
c12orf49 ephb3 gsc lpar6 nodal2 rab3il1 ssbp3 Xetro.A02917 Xetro.G01818
c1orf158 epn2 gsta4 lrig3 not ralgapa2 ssh1 Xetro.A03233 Xetro.G02051
c20orf27 eps8 gtpbp1 lrp1 notch1 ralgds st18 Xetro.A03391 Xetro.G02084
c2orf70 erf gtpbp6 lrp2 nprl3 rap2b st3gal6 Xetro.A03481 Xetro.G02134
c3orf54 esr10 habp4 lrp6 nrp2 rara stat5b Xetro.A03528 Xetro.H00066
c6.1 ets2 hal.1 lrrc52 ntm rassf4 stau2 Xetro.A03645 Xetro.H00419
ca14 exoc6 hap1 lrrc56 ntn3 rbmx2 stx19 Xetro.B00016 Xetro.H00536
calcrl exoc7 has2 lrrc6 nudt22 rffl suds3 Xetro.B00298 Xetro.H00561
cald1 faf1 hdgfrp2 lsp1 olfm3 rftn1 suz12 Xetro.B00682 Xetro.H00866
cap2 fam120b heatr5b mag opa1 rgma syncrip Xetro.B00787 Xetro.H00874
capns1 fam122b hes1 magi3 osbpl3 rgs12 syne2 Xetro.B01363 Xetro.H00965
cass4 fam134b hes4 map1b osr2 rhog taf4b Xetro.B01437 Xetro.H01042
ccbl1 fam13b hes7.2 map2k6 otx1 rhov tbcd Xetro.B01612 Xetro.H01306
ccdc129 fam151b hhex map3k4 otx2 rictor tbx1 Xetro.B01832 Xetro.H01336
ccdc68 fam159a hk2 mapk14 p2ry4 rimklb tbx3 Xetro.B01924 Xetro.H01627
ccna2 fastkd3 hmcn2 march7 pappa rin2 tcf12 Xetro.B02017 Xetro.I00354
ccnyl1 fbxl20 hmha1 marcksl1 pard6b ripk4 tdgf1p3 Xetro.C01142 Xetro.I00582
cd74 fez2 hoxb6 mast4 pcbp2 rnd1 tet2 Xetro.C02044 Xetro.I00689
cdh26 fgf16 hoxd9 mbd5 pcdh1 rnf5 tet3 Xetro.D00536 Xetro.I00692
cdk15 fgf20 hpgd med30 pcdh7 rpgrip1l tgif2 Xetro.D00775 Xetro.I00808
cdk9 fgf8 htr5a meis1 pcdh8.2 rpl31 tipin Xetro.D00938 Xetro.I00842
cep19 fgfr1 hunk mertk pcsk9 rps6ka1 tk1 Xetro.D00950 Xetro.I00943
cer1 fgfr2 iars2 mesp2 pdgfra rrm2.1 tmcc1 Xetro.D00965 Xetro.I00968

28



(954 peaks) were persistent across all three stages, and we refer to these as ‘persistent 

peaks’ (see also cluster I in Figure 2.3C). We also note that there are 77 and 91 fewer 

total Foxh1 peaks found at stages 8 and 9, respectively, than expected based on the 

sum total of the peaks in each category of the Venn diagram, due to a small number of 

‘tandem peaks’ in one stage overlapping a single peak in a second stage. 

We also identified the genes associated with Foxh1 peaks by assigning peaks to 

their nearest genes within 10kb of the gene body. This revealed that the persistent 

peaks associate with 611 genes, many of which are expressed in the mesendoderm 

(Figure 2.3E, Table 2.1, and see also Figure 2.15 below). Taken together, this analysis 

reveals that Foxh1 binding is prevalent during blastula stages, and for the first time 

reveals the highly dynamic nature of the in vivo genome binding patterns of this key TF. 

Since the Foxh1 ChIP-seq time course spanned early ZGA, we wanted to 

investigate whether there were stage-specific differences in the genomic distribution of 

Foxh1 peaks (Figure 2.4A). At all stages, the majority of Foxh1 peaks are found in the 

intergenic region (defined as being more than 10kb away from the nearest gene). 

Interestingly, at the beginning of gastrulation, a higher proportion of Foxh1 peaks were 

present within 1kb of transcription start sites (TSS) (promoter proximal) (9% at stage 

10.5, compared to 3.3% and 4.4% at stages 8 and 9, respectively). In Foxh1 persistent 

peaks, 8% of the peaks are found proximal to promoters. To gain a more complete 

picture of this trend, we analyzed the distribution of Foxh1 peaks within 10kb of gene 

bodies (Figure 2.4B). At stage 8, Foxh1 peaks are fairly evenly distributed across this 

window. We observed an enrichment of Foxh1 peaks at the promoters and TSS of 

genes as development proceeds, most significantly at stage 10.5 and among persistent 
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Figure 2.4 Genomic distributions of Foxh1 peaks across the time course. A) The 
genomic distribution of Foxh1 peaks at each stage and persistent peaks. Not included in 
the percentages are the small number of peaks falling into the ‘downstream’ category 
(500bp downstream of a gene), which include 141 peaks for stage 8, 168 for stage 9, 6 
for stage 10.5, and 1 for persistent peaks. B) Percentage of Foxh1 peaks surrounding 
genes at each stage. Gene bodies have been scaled to the same length. 
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peaks. This enrichment at the TSS possibly indicates an increased interaction between 

Foxh1 and RNA polymerase II after the onset of zygotic transcription. 

 

Foxh1 binds independently of Nodal signals 

Global analysis indicated that Foxh1 occupancy of putative enhancers is dynamic over 

the time course. To illustrate this behavior, I highlight Foxh1’s associations with the 

organizer gene gsc, the nodal ligands nodal1 and nodal2, and the nodal inhibitor cer1, 

which are regulated via Foxh1-Smad2/3 interactions (Germain et al., 2000; Ring et al., 

2002; Chiu et al., 2014) (Figure 2.5). We previously identified these genes as Foxh1 

direct targets, based on dual the criteria of Foxh1 binding and gene expression changes 

in response to Foxh1 loss of function (Chiu et al., 2014). I identify four Foxh1 bound 

regions upstream of cer1 (peaks 1-4, Figure 2.5). Two of these regions (peaks 1 and 3) 

are also bound by Smad2/3 at stage 10.5, indicating that these are Nodal-responsive 

enhancers. On the other hand, peaks 2 and 4 are only bound by Foxh1 in the blastula, 

and are not occupied by Smad2/3. Similar dynamics are also observed in Foxh1-

Smad2/3 peaks associated with gsc, nodal1, nodal2, and others. Lastly, I observed 

blastula-specific binding of Foxh1 near the TF hand2 gene (Figure 2.5), which is 

transiently expressed pre-MBT through gastrulation and is negatively regulated by 

Foxh1 in a Nodal-independent manner (Chiu et al., 2014). These findings indicate that 

not all Foxh1 binding sites overlap with Smad2/3 binding. 

As ChIP-seq analysis suggested that Foxh1 is capable of occupying target 

regions in a Nodal-independent manner, I examined Foxh1 binding in the presence of a 

Nodal inhibitor (Inman et al., 2002; Ho et al., 2006; Chiu et al., 2014). Incubation of 
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Figure 2.5 Genome browser visualization of Foxh1 binding to target genes. 
Genome browser visualization of Foxh1 and Smad2/3 peaks at the target genes cer1, 
gsc, nodal1, nodal2, and hand2. Foxh1 binding to enhancers is dynamic over the time 
course, and is found both independently of Smad2/3 binding (hand2), and correlating 
with Smad2/3 (e.g. cer1 peaks 1 and 3).  
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embryos in medium containing 100µM SB431542 until stage 10.5 resulted in a loss of 

Smad2/3 enrichment at regulatory regions of the Nodal signaling targets pitx2, cer1, 

nodal2 and mix1 (Chen et al., 1996; Shiratori et al., 2001; Chiu et al., 2014) (Figure 2.6, 

left). This small molecule inhibitor is specific to pSmad2/3, and does not affect the 

phosphorylation of the BMP Smads 1/5/8 (Chiu et al., 2014; see also Chapter 3). I then 

investigated Foxh1 binding in the absence of Nodal signaling. Inhibition of Nodal 

signaling did not abolish the binding of endogenous Foxh1 to these same regions 

(Figure 5, right). Interestingly, I note minor differences in Foxh1 enrichment at the pitx2 

and nodal2 enhancers, possibly due to tissue-specific impacts of Smad2/3. Overall, 

these results suggests that Foxh1’s interactions with its binding sites do not depend on 

its physical interactions with pSmad2/3. 

To further explore the co-occupancy of Foxh1 and Smad2/3, we correlated the 

set of 40,884 total Foxh1 peaks with our Smad2/3 ChIP-seq performed at stage 10.5 

(Chiu et al., 2014). Analysis of Smad2/3 ChIP-seq at early stages revealed very few 

Smad2/3 peaks until the beginning of gastrulation (Gupta et al., 2014), consistent with 

rising levels of pSmad2/3 until that stage (Figure 2.1D). After implementing IDR analysis 

on two biological replicates, we identified 480 high-confidence Smad2/3 peaks at stage 

10.5. Of these, 370 overlapped with Foxh1 peaks. These 370 co-bound regions 

associate with 225 genes (Table 2.2). Interestingly, 60 additional genes are associated 

with Smad2/3 peaks, without Foxh1. These findings confirm and expand upon our 

previous report (Chiu et al., 2014) that Foxh1 is not the sole transcription factor 

mediating Nodal signaling (see also Chapter 3). 
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Figure 2.6 Inhibition of Nodal signaling does not significantly affect Foxh1 
binding to enhancers. Anti-Smad2/3 (left) or anti-Foxh1 (right) ChIP-qPCR in DMSO 
or SB431542 treated embryos cultured until stage 10.5. One representative experiment 
is shown, and error bars are the SD of the fold enrichment over the ef1α background 
region. 
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Table 2.2 Foxh1/Smad2 co-bound genes. Smad2/3 ChIP-seq (Chiu et al., 2014) was 
analyzed using IDR analysis, and peaks were assigned to the nearest gene within 10kb. 
Smad2/3-associated genes were then compared to the set of Foxh1-associated genes, 
and presented in the table above. 
 

 

1a11 fgfr1 marcksl1 prex2 Xetro.A01787 Xetro.K02610
acap3 fgfr2 mertk prr5l Xetro.A02051 Xetro.K03271
acbd3 fhdc1 mesp2 prtg Xetro.B02353 Xetro.K03501
acer1 fhl5 mespa ptprr Xetro.C02044 Xetro.K04900
adamts5 flrt3 mespb rap2b Xetro.D01067 Xetro.K05205
aldh1a2 fn1 mfge8 rapgef3 Xetro.D01166 ypel5
arhgap33 foxa2 micall2 rmi1 Xetro.D01570 znf143
arhgap39 foxa4 mix1 rnd1 Xetro.D02419 znf281
arl13b foxi4.2 mixer ror2 Xetro.D02566 znf608
ash2l foxj1 morn3 rrm2.1 Xetro.E00422 znf706.2
axl foxp1 mrpl24 sall1 Xetro.E00950
bambi frmd4b mxi1 scin Xetro.E00954
bix1.1 frzb myc sebox Xetro.E00955
bmp7.1 fzd7 myf6 six6 Xetro.E01044
c16orf89 gabarapl1 myos skil Xetro.E01368
c19orf53 gadd45g nagpa slc26a1 Xetro.E01525
cald1 gata4 ndst1 slc29a1 Xetro.E01720
cap2 gata6 nfu1 smad2 Xetro.F00269
capn8 gfpt1 ngfr snai1 Xetro.F00355
cass4 gli1.2 nodal sord Xetro.F01247
cdh26 gpc4 nodal1 sox14 Xetro.F01781
cdk15 gpd1l nodal2 sox8 Xetro.F01962
cer1 grk5 not spns2 Xetro.G01453
chrna5 gs17 nrp2 sppl3 Xetro.H00536
cmtm8 has2 nudt22 ssh2 Xetro.H01071
cnih hes4 osr2 stau2 Xetro.H01336
crx hes7.2 otoa suds3 Xetro.H01626
cxcr4 hmg20a otx2 tdgf1p3 Xetro.H01627
cyb561 itga5 pappa tmem63a Xetro.H01901
cyp27c1 kcnh8 pcbp2 tmprss11f Xetro.I00582
ddit4 kdsr pcca tnks Xetro.I00689
deaf1 kiaa0232 pcdh1 trim71 Xetro.I00692
depdc7 krt8 pcdh8.2 ugdh.2 Xetro.I00808
dlgap5 ldb2 pdgfra usp28 Xetro.I00842
eef1g lefty pfkfb4 vegt Xetro.I02067
efnb2 lhx1 pgp ventx2.2 Xetro.J00016
eomes lin9 pitx2 vsig4 Xetro.J00098
ercc3 lingo1 plekhg5 wdpcp Xetro.J00296
exoc7 lmtk2 plekho1 wdr34 Xetro.K01017
fam120b lpar2 pnck wdr55 Xetro.K01365
fchsd2 lrig3 pnhd wisp3 Xetro.K02188
fgf16 lrrc56 pola2 Xetro.A00086 Xetro.K02257
fgf8 map2k6 ppp6r3 Xetro.A00297 Xetro.K02415
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Taken together, my Foxh1 ChIP-seq time course demonstrates for the first time 

the binding dynamics of a key maternal transcription factor during the onset of ZGA and 

subsequent germ layer development. The majority (nearly 97%) of Foxh1’s total 

genomic occupancy during this window of time is blastula-specific. The remaining 3%, 

representing 954 genomic sites, are persistently bound across stages 8 through 10.5. 

 

Interaction between Foxh1 and Tle in early blastula embryos 

Like other Forkhead family transcription factors, Foxh1 contains an EH1 domain (Figure 

2.7A) (Yaklichkin et al., 2007), which mediates interactions with the Groucho/Tle 

(transducin-like enhancer of split) family of co-repressors (reviewed in Chen and 

Courey, 2000). First identified in Drosophila, Groucho/Tle is known to participate in 

developmental processes through the silencing of gene expression. We therefore 

examined the relationship between endogenous Foxh1 and Tle binding by performing 

Tle ChIP-seq at stage 8. A heatmap centered on the stage 8 Foxh1 peaks reveals 

strong Tle enrichment that correlates with Foxh1 (Figure 2.7B). Sixty percent of stage 8 

Foxh1 peaks (16,856 peaks) overlap with Tle peaks (37,919 peaks) (Figure 2.7C). Of 

the 954 Foxh1 persistent peaks, 686 (72%) overlap with Tle. These data imply a 

functional interaction between Foxh1 and Tle in the early blastula, perhaps in the 

repression of target genes. 

Tle lacks a DNA binding domain, and therefore its recruitment to enhancers is 

due to interactions with other DNA binding transcription factors via the WD domain 

(Jennings et al., 2006). Since ~60% of stage 8 Foxh1 peaks overlap Tle peaks, we 

investigated whether Foxh1 binding was required for Tle recruitment. We utilized a 
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previously validated translation blocking morpholino oligonucleotide (MO) targeting 

foxh1 mRNA to knock down Foxh1 protein synthesis (Chiu et al., 2014). The 

effectiveness of knocking down Foxh1 in stage 6 (32-cells) embryos after MO injection 

at the one-cell stage was confirmed (Figure 2.7D). We next depleted the embryo of 

Foxh1 protein by foxh1 MO injection, and performed anti-Tle ChIP coupled with 

quantitative PCR (ChIP-qPCR) in control and MO-injected stage 8 embryos. The bona-

fide Foxh1-Smad2/3 binding regions identified in cer1, nodal1, nodal2, and gsc were 

interrogated (Figure 2.7E and F). Compared to Tle enrichment in control embryos, Tle 

binding was abolished in Foxh1 morphants. These data indicate that Foxh1 is required 

for the early blastula recruitment of Tle.  

 

A subset of Foxh1 bound regions are subsequently marked as active enhancers  

Since the binding of Foxh1 and Tle occurs early in development, we correlated Foxh1 

occupied regions with the recruitment of the co-activator Ep300 (Yasuoka et al., 2014) 

and the histone modification H3K4me1 (Gupta et al., 2014). The combination of these 

marks (Hontelez et al., 2015) allowed us to identify Foxh1-bound enhancers. We 

correlated all Foxh1 peaks to stage 10.5 Ep300 ChIP-seq signal (Figure 2.8A), and 

identified a subset of Foxh1-bound regions that are marked with Ep300 at the beginning 

of gastrulation. We next investigated whether those Ep300-bound regions were 

enriched with the histone modification H3K4me1. While little to no H3K4me1 enrichment 

was observed at stage 8, we observed enrichment at stage 9 and 10.5 at peaks also 

marked with Ep300 (Figure 2.8A). This indicates that a subset of Foxh1-bound regions 
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Figure 2.7 Foxh1 is required for the early blastula recruitment of the co-repressor 
Tle. A) Foxh1 interacts with Tle through an EH1 domain. B) Heatmap of stage 8 Tle 
ChIP-seq signal centered on the stage 8 Foxh1 peaks. C) Peak calling identified 16,856 
overlapping Foxh1 and Tle peaks. D) IP-western blotting reveals the significant 
reduction of Foxh1 protein at stage 6 (32-cells) after injection of a translation blocking 
morpholino oligonucleotide (MO) targeting foxh1 mRNA. E) Genome browser 
visualization of selected Tle/Foxh1 overlapping peaks near target genes cer1 
(scaffold_1:102,363,840-102,373,840), gsc (scaffold_8:62,417,448-62,431,448), and 
nodal1 and nodal2 (scaffold_3:5,671,591-5,690,591). The boxed enhancers were 
analyzed using ChIP-qPCR in panel (F) below. F) Stage 8 Tle ChIP-qPCR was 
performed in control and foxh1 MO-injected embryos. Data shown is from one 
representative experiment, and error bars are the SD of the fold enrichment over the 
ef1α background region. 
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are likely active enhancers during this time period. We also identify a set of Foxh1-

bound regions not marked by Ep300 or H3K4me1. 

The Foxh1 ChIP-seq time course identified 954 Foxh1 persistent peaks that are 

found at all three stages (Figure 2.3D). We posited that these persistent peaks 

represent critical Foxh1 occupied enhancers. The vast majority of persistent peaks 

correlated with Ep300 at stage 10.5, and were also progressively enriched with strong 

bimodal H3K4me1 enrichment centered on the Foxh1 peak summits (Figure 2.8B). This 

supports the notion that the regions containing these persistent Foxh1 peaks are 

qualitatively different from the total population of Foxh1 peaks, which are predominately 

found only in the blastula. We also note that no H3K4me1 enrichment is observed 

surrounding Foxh1 peaks at stage 8, and that Ep300 binding has not been detected 

prior to stage 9 (Hontelez et al., 2015). Interestingly, the majority of stage 9 Ep300 

enrichment is dependent upon zygotic transcription (Hontelez et al., 2015). These 

findings indicate that Foxh1 binding precedes enrichment of Ep300 and H3K4me1. 

 

Foxh1 bookmarks enhancers in cleavage stage embryos before RNA pol II 

recruitment  

Our finding that Foxh1 binding precedes the enrichment of Ep300 and H3K4me1 

suggests that Foxh1 occupies enhancers before they are functionally active. We 

wondered whether Foxh1 enhancer occupancy precedes the recruitment of RNA 

polymerase II (RNA pol II). We therefore addressed the relative binding order between 

Foxh1 and RNA pol II on the Foxh1 direct target genes gsc, cer1, and nodal1. 

Transcriptome analysis revealed that gsc and nodal1 are zygotically activated between 
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Figure 2.8 Foxh1 peaks are marked by Ep300 and H3K4me1. Heatmaps centered on 
the summits of all Foxh1 peaks (A) and Foxh1 persistent peaks (B) correlate stage 10.5 
Ep300 enrichment (Yasuoka et al., 2014) to Foxh1 binding. Peaks marked by Ep300 
also show enrichment of the active histone modification H3K4me1 (Gupta et al., 2014), 
beginning in the late blastula. Heatmaps have been ordered based on the strength of 
the Ep300 signal. 
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~4.5 and 5 hpf, while cer1 is activated at ~5.5 hpf (Figure 2.9A, left). To investigate RNA 

pol II occupancy at the promoters of these genes, we performed ChIP-qPCR (Figure 

2.9B) and ChIP-seq over a time course of early development (Figure 2.9A, right), and 

examined Foxh1 and RNA pol II binding. We observed no RNA pol II enrichment in the 

stage 7 blastula (~256 cells) (Figure 2.9A, right). Beginning at stage 8, we observed a 

progressive accumulation of RNA pol II signal, whereas there is a reduction in Foxh1 

binding at nearby enhancers during this period. This suggests that Foxh1 is critical for 

the initial activation steps of these direct target genes and that additional TFs might be 

recruited to these enhancers to maintain gene expression after the degradation of 

maternal Foxh1. 

Given that Foxh1 protein is abundantly expressed in cleavage stage embryos 

(Figure 2.1B), and that Foxh1 binds in the absence of Nodal signaling (Figure 2.6), I 

tested the model that Foxh1 is pre-bound to enhancers prior to the onset of ZGA. Foxh1 

ChIP-qPCR analysis in 32-cell embryos (stage 6), which occurs at ~2.5 hpf, revealed 

Foxh1 occupancy at gsc, nodal1, and cer1 enhancers (Figure 2.10). The interrogated 

regions are indicated with red boxes on the genome browser tracks of Figure 2.9A. I 

also found Foxh1 pre-binding to pitx2 and nodal2 enhancers (Figure 2.10). Interestingly, 

the nodal1 and pitx2 enhancers have been shown to function during both mesendoderm 

development and later left-right patterning in a Nodal-dependent fashion (Osada et al., 

2000; Shiratori et al., 2001; Faucourt et al., 2001). Taken together, I therefore conclude 

that Foxh1 bookmarks enhancers prior to RNA pol II enrichment and the transcription of 

the target gene. 
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Figure 2.9 Foxh1 binding precedes RNA pol II recruitment to the target gene. A) 
Temporal expression patterns of three Foxh1 direct target genes (left) (Owens et al., 
2016). Red line indicates stage 6 (see Figure 2.10). (Right) Foxh1 and RNA Polymerase 
II ChIP-seq at Foxh1 target genes gsc (scaffold_8:62,410,054-62,437,258), nodal1 
(scaffold_3:5,668,910-5,678,946), and cer1 (scaffold_1:102,363,664-102,374,648). The 
boxed enhancers were interrogated at stage 6 for Foxh1 binding (see Figure 10). B) 
Foxh1 and RNA pol II ChIP-qPCR validation of target genes gsc, nodal1 and cer1. The 
Foxh1-bound enhancers interrogated are indicated in red boxes on genome browser 
tracks in panel A. RNA pol II enrichment was analyzed at the transcription start site 
(TSS). 
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Figure 2.10 Foxh1 binds enhancers in cleavage stage embryos. Foxh1 ChIP-qPCR 
on stage 6 (32-cell) embryos. Shown is the mean fold enrichment over the ef1α 
background region for two biological replicates +/- SEM. Gsc, nodal1, and cer1 
enhancers interrogated are indicated in Figure 2.9A. 
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Foxh1 bookmarked genes display dynamic transcriptional activity 

To globally examine the extent of Foxh1 marking, we investigated RNA pol II 

enrichment over time across the set of Foxh1-bound genes (Figure 2.11A). We 

analyzed genes with at least one Foxh1 peak within 10kb upstream of the TSS, 

resulting in 11,048 total Foxh1-associated genes. No significant RNA pol II signal was 

observed across these genes in the stage 7 blastula. Starting from stage 8 and 

onwards, RNA pol II signal gradually associates with the TSS and is detected across 

gene bodies. Finally, we found that not all Foxh1-associated genes display RNA pol II 

enrichment. We identified ~4,000 Foxh1-bound genes as RNA pol II ‘associated’ and 

~7,000 as ‘not associated.’ To investigate the temporal dynamics of the Pol II 

‘associated’ and ‘not associated’ genes, we mined the transcriptome data recently 

published by Owens et al. (2016) across the first 15 hours of development (one-cell to 

mid-neurula stage 16). We observed that these genes are expressed both maternally 

and zygotically (Figure 2.11B). Focusing on the zygotic clusters, the RNA pol II 

‘associated’ genes are activated at the MBT (clusters I and II) and in the early gastrula 

(cluster III) (Figure 2.11C). ‘Not associated’ genes are activated weakly in the early 

gastrula (cluster IV) and during neurula stages (cluster V). As expected, approximately 

half of the ‘not associated’ genes had no RNA expression during this time period 

(cluster VI) (Figure 11B). Taken together, these data indicate that Foxh1 occupies 

enhancers during cleavage stages, preceding the recruitment of RNA pol II, and that 

associated genes are dynamically expressed. 
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Figure 2.11 Foxh1 bookmarked genes display dynamic transcriptional activity. A) 
Heatmaps displaying RNA pol II ChIP-seq signal centered on the transcription start site 
(TSS) of all Foxh1-associated genes. Gene bodies are oriented to the right. Heatmap 
gene order is based on K-means clustering at stage 10.5, where clusters 1-3 (not 
shown) were collectively called RNA pol II ‘associated’, and cluster 4 was called ‘not 
associated.’ Stage 12 and 16 RNA pol II ChIP-seq is from Hontelez et al. (2015). B) 
Temporal expression patterns of Foxh1 genes ‘associated’ and ‘not associated’ with 
RNA pol II. The rdRNA-seq (Owens et al., 2016) expression level for each gene was 
normalized between [0, 1] and clustered using K-means. C) Line plots showing the 
average expression pattern (in transcripts per embryo) of genes from each subcluster I-
V. Transcripts per embryo values were obtained from rdRNA-seq profiling (Owens et al., 
2016). 
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Foxh1 persistent peaks are marked by Foxa TFs and Smad2/3 

At the onset of zygotic transcription, the mesendoderm regulatory network becomes 

activated, and a number of zygotic TFs are critical to sustain this program. Having found 

that Foxh1 binds the genome in the blastula, we investigated whether zygotic TFs are 

subsequently recruited to these regions. Foxa pioneer TFs are critical for endoderm 

development across diverse organisms (reviewed in Friedman and Kaestner, 2006; 

Ben-Tabou de-Leon, 2011), and are bound to liver-specific enhancers well before they 

become active (Gualdi et al., 1996). All three Xenopus tropicalis Foxa TFs (foxa1, 

foxa2, and foxa4) are zygotically transcribed, with foxa4 expression beginning the 

earliest at ~4.5 hpf (Figure 2.12A). We therefore performed Foxa ChIP-seq at stage 

10.5, and correlated Foxa binding with Foxh1 peaks. Genome browser visualization of 

selected endoderm genes (e.g. mix1, hhex) reveals overlap between Foxh1 and Foxa 

peaks (Figure 2.12B). We next investigated the global correlation between Foxa 

enrichment and all Foxh1 peaks (Figure 2.12C). We found that the strongest Foxa 

enrichment corresponds predominately with clusters I and II, which are enriched with 

persistent peaks (see Foxh1 signal). After peak calling, we identified 40,925 Foxa peaks 

at stage 10.5. These peaks overlap with 878 of the 954 Foxh1 persistent peaks (92%), 

and are associated with 505 genes within 10kb (Table 2.3). Thus, we conclude that 

Foxh1 persistent peaks significantly correlate with the binding of the pioneer factor 

Foxa.  

Interestingly, we also find that the same clusters I and II overlap with Smad2/3 

binding at stage 10.5 (Figure 2.12C), indicating that at least two additional TFs are 

recruited to Foxh1 marked sites. As the majority of persistent peaks are marked as 
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Figure 2.12 Foxh1 persistent peaks are marked by Foxa TFs and Smad2/3. A) The 
three Xenopus Foxa TFs are zygotically expressed (Owens et al., 2016). Foxa4 is the 
earliest and most abundantly expressed during the time period shown. B) Genome 
browser visualization of Foxh1 (grey; stages 8, 9, and 10.5) and Foxa (purple; stage 
10.5) overlapping peaks at the endodermal genes hhex (scaffold_7:31,961,378-
32,003,327), mix1, and mixer (scaffold_5:118,167,949-118,194,916). C) Heatmaps of 
Foxh1, Foxa and Smad2/3 ChIP-seq signal centered on the summit of all Foxh1 peaks, 
and K-means clustered. 
 

 

 

 

 

47



 

Table 2.3 Foxa-associated genes within 10kb. 

 

 

 

 

acbd3 cox18 gli1.2 lpar2 pard6b sema6d vegt Xetro.F01806
acer1 crcp gpc4 lpar6 pcbp2 sgk223 ventx3.1 Xetro.F01962
acmsd crhr1.2 gpd1l lrig3 pcca sh3bp4 ventx3.2 Xetro.G00116
acvr1 crtc3 gpr160 lrp2 pcdh1 six1 vezf1 Xetro.G00135
adam33 crx grasp lrrc52 pcdh8.2 ski vsig4 Xetro.G00140
adamts5 csrnp1 gripap1 lrrc56 pcsk9 skil wdpcp Xetro.G00371
adamts7 ctsa grpel2 lsp1 pdgfra slc11a2 wdr45 Xetro.G00782
admp cxcr4 grsf1 mag pdzrn4 slc12a3.2 wdr69 Xetro.G00875
agap1 ddit4 gs17 magi3 pfkfb3 slc22a15.2 wipi2 Xetro.G01163
agpat1 deaf1 gsc map1b pfkfb4 slc29a1 wnt8a Xetro.G01196
akap12 dek gsta4 map2k6 pitx2 slc2a10 xepsin Xetro.G01223
aldh1a2 depdc1 gtpbp1 map3k4 pkdcc.1 slc6a4 Xetro.A00297 Xetro.G01453
alkbh6 dkkx habp4 mapk14 pkdcc.2 slc7a15 Xetro.A00814 Xetro.G01588
als2cr12 dlc hal.1 march7 plekhg3 smad1 Xetro.A00964 Xetro.G01818
ank2 dlgap5 has2 marcksl1 plekhg5 smad6 Xetro.A01836 Xetro.G02084
apitd1 dll1 hdgfrp2 mast4 plekhh2 smarcd2 Xetro.A01837 Xetro.H00419
aplnr dsp heatr5b mbd5 plekho1 snai1 Xetro.A01928 Xetro.H00536
arhgap39 dusp5 hes1 med30 plk3 snai2 Xetro.A02401 Xetro.H00866
arhgap4 dyrk3 hes4 mertk pmm2 sncb Xetro.A02456 Xetro.H00874
arhgef3.2 eef1g hes7.2 mesp2 pnhd socs2 Xetro.A02617 Xetro.H00965
arhgef6 efha2 hhex mespa polr3b sort1 Xetro.A03391 Xetro.H01042
arid1a efnb1 hk2 mespb pou3f1 sox17b.1 Xetro.B00016 Xetro.H01306
arid2 efnb2 hmha1 met pou3f2 sox8 Xetro.B00298 Xetro.H01336
arl13b egln1 hoxb6 mex3b ppfia2 spata17 Xetro.B00682 Xetro.I00582
arl4c eomes hoxd9 mid2 pphln1 spns2 Xetro.B00787 Xetro.I00689
arl5c epha4 hpgd mipep prdm1 spred1 Xetro.B01363 Xetro.I00692
arpc4 ephb3 hunk mix1 prickle1 spry1 Xetro.B01437 Xetro.I00808
ash2l eps8 id3 mixer prickle3 spry2 Xetro.B01612 Xetro.I00842
atg16l1 erf ido1 mkln1 prr5l ssbp3 Xetro.B01832 Xetro.I00862
avp esr10 igf3 mllt10 prtg ssh1 Xetro.B01924 Xetro.I00968
b3galt6 ets2 il6st mob2.2 ptcd3 st18 Xetro.B02017 Xetro.I01507
bcl2l12 exoc7 ipmk morn3 pten st3gal6 Xetro.C00515 Xetro.I02016
best2 fam122b irf2bp2 mpv17l ptpn3 stat5b Xetro.C01142 Xetro.I02067
bicd2 fam134b irf2bpl msx1 ptprr stau2 Xetro.C02044 Xetro.J00296
bix1.1 fam13b irf6 mtx2 ptpru stx19 Xetro.D00536 Xetro.K00610
c10orf140 fam159a irx1 myc pvrl2 suds3 Xetro.D00775 Xetro.K00726
c12orf34 fgf16 irx3 myef2 pygm syncrip Xetro.D00938 Xetro.K00739
c12orf49 fgf20 itgb1 myl9 rab23 syne2 Xetro.D00965 Xetro.K01017
c19orf53 fgf8 itpka myos rab3il1 tbcd Xetro.D01067 Xetro.K01365
c1orf158 fgfr1 itpr2 ndfip1 ralgapa2 tbx1 Xetro.D01166 Xetro.K02738
c20orf27 fgfr2 jmjd6 ndnl2 ralgds tbx3 Xetro.D01232 Xetro.K03944
c2orf70 fhdc1 kat7 nedd9 rap2b tdgf1p3 Xetro.D01570 Xetro.K05038
c3orf54 flrt3 kcna3 ngfr rassf4 tet2 Xetro.D01669 Xetro.K05059
c6.1 foxa4 kcne1 nipal4 rbmx2 tet3 Xetro.D02014 Xetro.K05105
ca14 foxd2 kiaa1217 nkx2-5 rffl tgif2 Xetro.D02198 xrn2
cald1 foxd4l1.1 kitlg nkx2-6 rftn1 tipin Xetro.D02289 zcchc11
cap2 foxj1 klf17 nkx6-2 rgma tk1 Xetro.D02297 zfand5
cass4 foxp4 klhl11 nodal rgs12 tmcc1 Xetro.D02419 zic3
ccbl1 frmd4a kndc1 nodal1 rhog tmem106b Xetro.D02430 znf143
ccna2 frmd4b krit1 nodal2 rhov tmem131 Xetro.D02566 znf217
ccnyl1 frmd8 lama1 not rictor tmem238 Xetro.E00146 znf280d
cd74 frzb lama5 notch1 rimklb tmem45a Xetro.E00950 znf608
cdk9 fzd3 ldb2 nprl3 rin2 tmem63a Xetro.E00954 znf706.2
cep19 fzd6 leap2 nrp2 ripk4 tns3 Xetro.E00955 znf710
cer1 fzd7 lefty ntn3 rnd1 top2b Xetro.E01036 znf750
cers4 fzd8 lemd3 nudt22 rnf5 trerf1 Xetro.E01051 zswim4
chmp5 gadd45a lfng olfm3 rpl31 trim71 Xetro.E01313 zswim5
chrd gadd45g lhx1 opa1 rps6ka1 try10 Xetro.E01368
cldn4 galnt7 lhx5 osbpl3 rrm2.1 tspan1 Xetro.E01381
cldn6.2 gata2 lin28b osr2 rundc1 ttc27 Xetro.E01525
clic1 gata4 lin9 otx1 ryk ugp2 Xetro.F00269
cmtm5 gdf3 lingo1 otx2 sall1 ulk2 Xetro.F01399
cmtm8 gfi1 lmtk2 p2ry4 sdf4 uncx Xetro.F01562
cnot8 gfpt1 LOC496296 pappa sebox usp28 Xetro.F01804
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active enhancers (Figure 2.8), compared to all peaks, we speculated that these 

differences might be due to underlying CRM logic at the Foxh1 occupied sites. We 

therefore performed de novo motif analysis to discover enriched motifs under the stage 

8, stage 9, and persistent peaks (Figure 2.13 and Figure 2.14). The Foxh1 consensus 

binding sequence was the most highly enriched motif for all groups. In addition to 

Foxh1, at each stage, we identified motifs corresponding to Pou, HMG/Sox, Smad2/3 

and others. Focusing on these motifs, we sought to identify a unique combination of 

motifs (CRMs) that is preferentially associated with the Foxh1 persistent peaks 

compared to all Foxh1 peaks. We took a computational approach, and investigated the 

co-occurrence of the Foxh1 and Smad2/3, Sox, and Pou motifs between persistent and 

total Foxh1 peaks (Figure 2.14B). These co-occurrences were compared to randomly 

sampled genomic regions containing the Foxh1 motif. We found that the Foxh1/Smad 

and Foxh1/Sox motif combinations were significantly more prevalent in the persistent 

peaks compared to all Foxh1 peaks. Among persistent peaks containing the Foxh1 

motif, nearly 50% contain Foxh1/Smad motif combinations, while ~40% contain 

Foxh1/Sox (Figure 2.14B). Interestingly, the triple occurrence of Foxh1/Smad/Sox 

motifs was also significantly enriched in persistent peaks, contained in ~20% of Foxh1 

motif containing peaks. Unexpectedly, the Pou motif was slightly enriched among all 

Foxh1 peaks, while not enriched among the persistent peaks compared to random 

background (see also Figure 2.13). We hypothesize that these combinatory motifs are 

critical components of Foxh1-bound CRMs functioning in early development. 
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Figure 2.13 De novo motif analysis on sequences under the Foxh1 blastula stage 
peaks. A) Stage 8 (early blastula) and B) stage 9 (late blastula) positional distribution of 
de novo discovered motifs. (Left) CentriMo analysis of the positional distribution of 
selected motifs under the Foxh1 peaks. Stage 8 and 9 CentriMo is displayed with a 
window setting of 50. Motifs analyzed were discovered de novo using DREME. (Right) 
Heatmaps displaying the positions of select motifs within a 2kb window surrounding the 
summit of the stage 8 and stage 9 Foxh1 peaks. The position weight matrix of the motif 
analyzed is shown below the heatmap. All heatmaps are sorted based on the Foxh1 
ChIP-seq signal strength at that indicated stage. 
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Figure 2.14 Persistent peaks are enriched for Fox/Smad/Sox cis-regulatory 
modules. A) Heatmaps displaying the positional distribution around the peak summit of 
select motifs discovered under the Foxh1 persistent peaks. B) Persistent peaks are 
enriched with the co-occupancy of Foxh1/Smad/Sox motifs. P-values were calculated 
between Foxh1 peaks and genomic background (*** p-value < 2.2e-16; ** p-value = 
2.08e-09; * p-value = 1.2e-07; # p-value = 0.003). 
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Genes associated with Foxh1 persistent peaks are preferentially expressed in the 

dorsal mesendoderm 

The finding that the Smad2/3 motif was enriched in persistent peaks led us to 

hypothesize that these peaks are associated with Nodal signaling targets. Through 

mRNA-seq on dissected Xenopus tropicalis embryos, Blitz et al. (2016) recently 

examined the tissue-specific gene expression in the early gastrula embryo. Using these 

data, we investigated whether genes associated with persistent peaks (‘persistent 

genes’) have a unique spatial profile compared to all Foxh1-associated genes. Focusing 

on genes with localized expression, we examined the spatial expression domain of all 

Xenopus tropicalis genes, all Foxh1-associated genes, and persistent genes. This 

revealed that the spatial distribution of persistent genes is statistically different from the 

other two (Figure 2.15A). This includes an increase in genes expressed in the dorsal-

mesendoderm, and a decrease in genes expressed in the ectoderm. As Nodal signaling 

is highly active in the dorsal mesendoderm, these findings are consistent with the notion 

that these persistent genes are enriched with Nodal signaling targets. Based on these 

findings, we propose a model (Figure 2.15B) whereby Foxh1 marked CRMs 

subsequently recruit zygotic TFs (e.g. Foxa, Sox), pSmad2/3, and the co-activator 

Ep300 to initiate the mesendoderm gene regulatory program. 
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Figure 2.15 Foxh1 persistent peaks are strongly associated with mesendodermal 
genes. A) Foxh1 persistent genes display a spatial localization profile significantly 
different from all Foxh1 genes. This includes an increase in genes localized to the 
dorsal mesendoderm. The spatial profile of all Foxh1 genes is not significantly different 
from all genes in the genome. P-value was calculated between all Foxh1 and persistent 
genes (*** p-value < 2.2e-16). E) Proposed model of Foxh1 bookmarking of 
Fox/Smad/Sox mesendoderm CRMs. 
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Discussion 

We examined the molecular events of early germ layer specification by focusing on the 

activity of maternal Foxh1. This period of development coincides with zygotic gene 

activation (ZGA). By examining dynamic Foxh1 binding, we find that Foxh1 sits at the 

top of the hierarchy of the temporal order of events occurring during early germ layer 

specification. With these data, together with our bioinformatics analyses, we propose a 

central role for Foxh1 in regulating the mesendoderm gene regulatory program via 

CRMs consisting of Foxh1, Smad2/3 and Sox TFs. 

Foxh1 protein is abundant during cleavage and blastula stages, and ChIP-seq 

analyses reveal a broad occupancy at the MBT. This occupancy diminishes at the onset 

of gastrulation, coinciding with a rapid and large decline in Foxh1 protein level. 

Strikingly, Foxh1 binds enhancers in 32-cell cleavage stage embryos, which is well 

before the onset of major zygotic gene expression (Owens et al., 2016), and before 

Nodal signaling.  While current technologies limit our capacity for a genome-wide 

investigation of Foxh1 binding at very early embryonic stages (e.g. 32-cells), it is 

tempting to speculate that the observed cleavage stage Foxh1 binding occurs broadly 

before ZGA.  

Foxh1 binds enhancers before Ep300 and transcription of target genes. These 

early actions of Foxh1 raise the question of whether Foxh1 functions as a pioneer 

factor. Pioneer factors, considered a special category of TFs that are the first to occupy 

their target sites in chromatin, can play both ‘passive’ and ‘active’ roles in enhancing 

transcription (reviewed in Zaret and Carroll, 2011). Passively, a pioneer factor can be an 

early acting TF that binds alone, subsequently recruiting other partner TFs to ‘prime’ the 
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enhancer for activation and increasing the rate in which the target gene is activated. In 

this report, we demonstrate that endogenous Foxh1 binds before Nodal signaling, 

independent of pSmad2/3, and subsequently recruits Smad2/3 and Foxa TFs to the 

Foxh1 marked enhancers. Foxh1 occupies enhancers as early as the 32-cell cleavage 

stage, when it has been reported that chromatin is nucleosome-dense (Landsberger 

and Wolffe, 1997; Bogdanovic et al., 2011). These findings suggest that Foxh1, at 

minimum, functions as a ‘passive’ pioneer factor. Additionally, pioneer factors can play 

‘active’ roles by generating local regions of open chromatin (Cirillo et al., 2002). Our 

finding that Foxh1 binding precedes the enrichment of Ep300 and H3K4me1 suggests 

that Foxh1 primes enhancers before epigenetic modifications. In the future, it will be 

important to investigate whether Foxh1 directly functions in affecting the epigenetic 

landscape.  

We discovered that 92% of Foxh1 persistent peaks recruit zygotically-expressed 

Foxa at early stages of gastrulation. This is intriguing, as the Foxa subfamily of forkhead 

TFs are well-characterized ‘active’ pioneer factors for hepatic development (reviewed in 

Zaret and Carroll, 2011), known for their special property of being able to bind their 

target sites alone in condensed chromatin (Clark et al., 1993; Cirillo et al. 1998), and to 

coordinate the subsequent binding of other TFs by promoting local chromatin 

decondensation (Cirillo et al., 2002). Instead, we discovered that the binding of Foxh1 

precedes that of Foxa at a subset of sites. Since in vivo footprinting analysis revealed 

Foxa occupancy at an Albumin (Alb) enhancer in mouse endodermal tissue before the 

expression of the liver-specific Alb mRNA (Gualdi et al., 1996), we examined the 

orthologous gene in our ChIP-seq data. Our analysis did not reveal Foxh1 or Foxa 

55



binding to the Xenopus albumin gene at these early stages (data not shown). Perhaps 

then, this reveals different roles for Foxa during germ layer development and later liver 

organogenesis.  

Here, the interaction between Foxh1 and the co-repressor Tle in the early 

blastula (stage 8) was studied. We uncovered a Foxh1-dependent recruitment of Tle to 

Foxh1 enhancers, suggesting that Foxh1 and Tle binding to these CRMs occur in the 

same cells. Consistent with this model, Reid et al. (2016) recently reported on the 

physical interaction between Foxh1 and Tle4 (also know as Grg4). The authors showed 

that the Foxh1/Tle4 complex is bound at the nodal1 intronic enhancer and negatively 

regulates the expression of this gene in the absence of pSmad2/3. Thus, Foxh1 is 

proposed to toggle between interactions with Tle family proteins (repressive state) and 

pSmad2/3 (active state). Our finding that approximately 50% of early blastula Foxh1 

peaks co-localize with Tle is consistent with a model of Foxh1/Tle cooperation. It is 

possible that this interaction is similar to that of Wnt/β-catenin signaling. In the absence 

of stabilized β-catenin, the Tcf/Lef TFs interact with Tle and repress transcription of 

target genes (Cavallo et al., 1998; Roose et al., 1998; Brantjes et al, 2001). Upon Wnt 

signaling, this repression is relieved by nuclear β-catenin, replacing Tle and switching 

the bound enhancers to a state of transcriptional activation (Daniels and Weis, 2005). In 

the case of Foxh1, under conditions of Nodal signaling, pSmad2/3 replaces Tle, 

allowing for the activation of mesendodermal genes (Figure 2.15B). In this scenario, Tle 

functions as a versatile co-repressor that can impinge upon both Wnt and TGFβ 

signaling and coordinate the expression of many developmentally regulated genes. 
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Our analysis identifies thousands of Foxh1 and Tle co-bound sites in the early 

blastula embryo, suggesting that this complex plays a global role in early Xenopus 

embryogenesis. We found that the majority of Foxh1’s genomic occupancy occurs in the 

blastula. While a subset of these regions become enriched with Ep300/H3K4me1 

(active enhancers), we note that many do not (Figure 2.8A). The strong correlation 

between Foxh1 and Tle at stage 8 suggests that early Foxh1 binding functions in a 

largely repressive capacity, perhaps with maternal Pou proteins (Figure 2.13). We 

therefore speculate that the Foxh1/Tle complex represses the transcription of Nodal 

targets in the absence of pSmad2/3, ensuring that developmentally relevant zygotic 

genes are in a repressed state before ZGA in the mesendoderm. Additionally, pre-

bound Foxh1/Tle may continue to repress target gene expression independently of 

Nodal signaling in the ectoderm through the recruitment of histone deacetylases. This 

spatial difference is supported by recent reports highlighting Tle enrichment in ventral 

tissue at dorsal (Spemann organizer) CRMs (Yasuoka et al., 2014). Future analysis will 

focus on Tle activity in a tissue-specific manner, and will require the generation of 

embryos lacking multiple maternal Tle RNAs. 

A number of key TFs have been implicated in Xenopus mesendoderm 

development, including the maternal T-box TF Vegt, and zygotic factors Foxa, Sox17, 

Mix, and Gata family members (reviewed in Heasman, 2006; Zorn and Wells, 2009). 

We found that binding of the zygotic, hepatic pioneer factor Foxa is preceded by 

maternal Foxh1 at the vast majority of persistent peaks. While further confirmation is 

required, overlapping Foxh1 and Foxa expression in the mesendoderm support the 

hypothesis that this binding occurs in the same cells. As Foxh1 and Foxa DNA binding 
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motifs are similar, it is difficult to clearly discern between motifs in our Fox ChIP-seq 

datasets. However, bioinformatic analysis of the 200bp surrounding the Foxh1 

persistent peaks indicate that, of the 682 persistent peaks containing the Foxh1 motif, 

473 (~70%) contain only one instance of the motif. We therefore speculate a 

mechanism of sequential enhancer binding of maternal Foxh1, followed by zygotic 

Foxa. This ‘molecular hand-off’ between Foxh1 and Foxa may occur due to differences 

in binding affinities and/or because Foxh1 and Foxa protein concentrations vary 

dynamically between the blastula and gastrula stages when endodermal cells undergo 

lineage commitments. We note the inverse expression patterns of foxh1 and foxa 

around the beginning of gastrulation (Figure 2.1A and Figure 2.12A), whereby maternal 

foxh1 is decreasing precipitously while zygotic transcription of foxa ramps up. We 

speculate that protein concentration is the driving force behind this ‘hand-off.’ 

Finally, we made a surprising finding that only ~3% of Foxh1 peaks persist into 

the beginning of gastrulation (954 peaks). Why does Foxh1 remain bound to these 

regions, and not to others? Our ChIP-seq data revealed that these persistent peaks, in 

addition to being enriched with Foxa, are strongly associated with Smad2/3 binding. Our 

bioinformatic analysis also implies the additional involvement of HMG/Sox TFs. Taken 

together, this suggests an interesting model whereby coordinated mesendodermal gene 

regulation is under the control of CRMs containing a combination of Foxh1, Sox, and 

Smad2/3 motifs (Figure 2.15B). Possibly, combinatorial TF binding at these CRMs 

stabilizes the complex, thereby retaining Foxh1 binding despite the drastic decrease in 

protein level. Finally, our finding that persistent peaks are highly correlated with Ep300 

and H3K4me1 enrichment support the notion that these are active CRMs. Our future 
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goals lie in teasing out the interactions between Foxh1 and other TFs critical for 

mesendoderm formation. 
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Experimental Procedures 

 

Embryo handling 

Xenopus tropicalis embryos were obtained by in vitro fertilization and staged according 

to Neiuwkoop and Faber (Nieuwkoop and Faber, 1994). A total of 22.5ng of foxh1 

morpholino (Chiu et al., 2014) was injected into 4 sites of a 1-cell stage embryo. For 

Nodal signaling inhibition, 4-cell stage embryos were immersed in 1/9x MMR containing 

100µM SB431542 (Tocris Bioscience) or DMSO. All embryos were cultured at 25°C 

until desired stage. 

 

Immunoprecipitation and western blotting 

Embryos were homogenized in THB (20mM Tris pH 7.5, 150mM NaCl, 2mM MgCl2, 1% 

Triton X-100) and centrifuged. The supernatant was then re-centrifuged at 140,000rpm, 

and the lysate was used for immunoprecipitations using anti-Foxh1 (a.a. 14-113; Chiu et 

al., 2014) or anti-Smad2/3 (BD Bioscience, #610842) antibody coupled to CNBr-

activated sepharose beads (GE Healthcare Life Sciences). The immunoprecipitated 

protein was eluted and subjected to western blotting using anti-Foxh1 or anti-pSmad2/3 

(Cell Signaling, #3101). Proteins were visualized using HRP-coupled secondary 

antibody and ECL Prime reagent (GE Healthcare Life Sciences). For pan-Smad2/3 

investigation, Smad2/3 IP-western membranes were re-probed with anti-Smad2/3. 

 

Chromatin immunoprecipitation (ChIP) 

ChIP protocol was performed as described (Chiu et al., 2014) with modifications. 
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Embryos were cultured in 1/9x MMR at 25° until the indicated stage and fixed in 1% 

formaldehyde at room temperature for 45 minutes with gentle rocking. Crosslinking 

reactions were neutralized by the removal of the formaldehyde solution and incubation 

with 1ml 0.125M glycine solution for 10 minutes on ice. Embryos were then washed with 

cold RIPA buffer (50 mM Tris-HCl pH7.4, 150mM NaCl, 1mM EDTA, 0.25% sodium 

deoxycholate, 1% NP40, 0.1% SDS, 0.5 mM DTT, and Roche cOmplete protease 

inhibitor cocktail), flash frozen, and stored at -80°C.  

 

The fixed embryos were homogenized in RIPA buffer and incubated on ice for 10 

minutes. Samples were then microfuged at 14,000rpm for 15 minutes at 4°C. Pellets 

were resuspended in RIPA buffer and sonicated on ice using a Branson Digital Sonifier 

450 resulting in an average fragment size between 200-500bp. The samples were 

microfuged at 14,000 rpm for 20 minutes at 4°C to remove insoluble cellular debris. The 

chromatin was “pre-cleared” by incubating with Protein A-coated Dynabeads 

(Invitrogen) for 2 hour at 4°C with rotation. Antibodies were pre-bound to blocked 

Protein A Dynabeads by incubating at 4°C for 30 min. A sample of sheared chromatin 

was frozen for use as an input control. Pre-cleared chromatin was added to antibody-

bound Dynabeads, and incubated overnight at 4°C on an end-over-end rotator. The 

next day, the beads were washed for 20 minutes each with ice-cold ChIP wash solution 

I (50mM HEPES-KOH pH7.5, 2mM EDTA, 150mM NaCl, 0.1% sodium deoxycholate, 

1% Triton X-100, 1mM DTT, and 0.4mM PMSF), ChIP wash solution II (50mM HEPES-

KOH pH7.5, 2mM EDTA, 500mM NaCl, 0.1% sodium deoxycholate, 1% Triton X-100, 

1mM DTT, and 0.4mM PMSF), ChIP wash solution III (0.25 M LiCl, 1 mM EDTA, 10 mM 
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Tris-HCl pH 8.0, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM DTT, and 0.4 mM 

PMSF), and TE (10mM Tris, 1mM EDTA, 1 mM DTT, and 0.4 mM PMSF). The DNA 

was then eluted with TE buffer containing 1% SDS, and reverse-crosslinked at 65°C 

overnight. The sonicated input control was diluted 3-fold with elution buffer, and also 

incubated at 65°C. All samples were treated with RNAse A, Proteinase K, 

phenol/chloroform extracted, and ethanol precipitated overnight. DNA pellets were 

resuspended in TE (for ChIP-qPCR) or Qiagen EB solution (for ChIP-seq). 

 

For stage 6 Foxh1 ChIP-qPCR, 30 embryo equivalents of ChIP DNA were used for 

each qPCR reaction. For Foxh1 (custom, see Chiu et al., 2014), RNA pol II (BioLegend, 

MMS-126R) and Foxa (Santa Cruz Biotechnology, sc-6554) ChIP-seq, 10-30ng of total 

ChIP DNA was used for library construction using the NEXTflex ChIP-seq kit (Bioo 

Scientific). Sequencing was performed using the Illumina HiSeq 2500 and 50bp single-

end reads were obtained. The stage 8 Tle ChIP-seq (Santa Cruz Biotechnology, sc-

13373) library was constructed using the TruSeq ChIP Sample Prep kit (Illumina) and 

sequenced using the Illumina HiSeq2500 to obtain 100bp single-end reads. 

 

Quantitative PCR 

Quantitative PCR was performed on a Roche LightCycler 480 using SYBR Green I 

master (Roche). Primer sequences are as follows: 
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Target Forward Reverse 
pitx2 intronic enhancer ACATCTGTGCGTCTCAGTGG ACGATCTGCAATGTCCAACA 
cer1 enhancer (-2kb), Figure 2E CCAAACCCTGACAGCAAGAT CAAGCGGTGTGTGGATTACA 
cer1 enhancer (-2kb), Figure 3F and 
Figure 5B 

CCTGCTAATTTGGCTCAACC AAAGGCTTCACCAGCAAGAG 

Nodal1 intronic enhancer TGAAGTGCCGTTCAGATACAG ATAGCACCCACCAACCTCAA 
Nodal2 intronic enhancer GGCATGTTTAGCAACATTTGG CCAGCCCTTTTGTTAATAGCC 
gsc enhancer (PE) ATTGTCCCTTGAGCTGTTGG CGGAGCTAAAGGGGTTAAACA 
mix1 enhancer  GGAGAGAGGGGCAGACTAGC CCACAAAGCCACAAAGGAAT 
nodal1 promoter TGCTGTCAGAAATGCCATCC CAGGGGAATGCTCTGTTTGT 
gsc promoter TCCTCTGCTGGGTAGTGAGT CACACATGGGAGAGCACTG 
cer1 promoter CCTTGCAATGATTCTGAGCA CTGCAGTTGACAAAGAAATGC 
ef1α negative (+2kb) CCAGATGCAAGTGGTCAAGA GCTACAACCCAGCGACTGTT 
 

 

Irreproducibility Discovery Rate (IDR) analysis and peak calling 

For Foxh1 ChIP-seq analyses, the irreproducibility discovery rate (IDR) pipeline was 

used to identify high-confidence peaks between two biological replicates (Li et al., 

2011). All FASTQ files were mapped to Xenopus tropicalis v7.1 (Xenbase, 

http://www.xenbase.org/, RRID:SCR_003280) using Bowtie v1.0.0 (Langmead et al., 

2009). All multi-mapping reads were discarded. 

 

‘bowtie Xentro7 reads.fastq -m 1 -p 32 --sam > $Input_Name1-mapped.sam’ 

 

Uniquely mapped reads from the original replicates were merged into one file to 

generate one pooled mapped file per stage. Next, the mapped reads for each individual 

replicate, and the pooled file, were randomly divided to two pseudo-replicates. Using 

Macs2 v2.0.10 (Zhang et al., 2008), peak calling was performed for all of the original 

replicates, pseudo replicates, and the pooled data. We used a staged-matched control 

(input) data set and a p-value of 0.001.  
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‘macs2 callpeak -t treat.bed -c control.bed -n treat-output -f BED -g 1.1e9 -p 1e-3’ 

 

IDR scripts (https://sites.google.com/site/anshulkundaje/projects/idr) were used to 

compare across original and pseudo replicates. The called peaks are evaluated and an 

IDR score is assigned to them based on their consistency and significance. The 

recommended IDR score threshold for use in extracting the final set of peaks matched 

our observations (IDR threshold of 0.01 for consistent peaks between two original 

replicates, 0.02 for consistent peaks between two pseudo replicates, and 0.0025 for 

consistent peaks between two pseudo replicates of pooled replicate). For each stage, 

the final set of peaks used in this manuscript is the optimal set produced by following 

the IDR pipeline, using only those replicates that were consistent. Stage 10.5 Smad2/3 

ChIP-seq data (Chiu et al., 2014) was reanalyzed using this pipeline. 

 

We also performed ChIP-seq for RNA pol II, TLE, and Foxa. FASTQ files were uniquely 

mapped as described above. For TLE and Foxa, Macs2 ‘callpeak’ was used as 

described above to call peaks against a stage-matched input control. 

 

Integrative Genomics Viewer (IGV) 

ChIP-seq signal was visualized using IGV (Thorvaldsdóttir et al., 2013; Robinson et al., 

2011). Duplicate reads were removed from sorted BAM files using the ‘rmdup’ 

command in Samtools (Li et al., 2009), and biological replicates were concatenated. 

Bedgraph files were created using HOMER after first making a tag directory (Heinz et 
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al., 2010). Default conditions were applied for the generation of the bedgraph files 

(http://homer.salk.edu/homer/ngs/ucsc.html). 

 

Heatmaps 

We used deepTools v2.0 (Ramírez et al., 2014) to generate heatmaps around peak 

summits or gene TSS. First, a bigwig file was generated from the BAM files using 

bamCoverage in deepTools. The expression was normalized to RPKM values and the 

duplicates were ignored.  

 

‘bamCoverage --bam inputBam.bam --binSize 100 --normalizeUsingRPKM --

ignoreDuplicates -p 32 -of bigwig -o bwFILES signalFile.bw’ 

 

The ‘computeMatrix’ command with the sub command ‘reference-point’ was used to 

generate the table underlying the heatmaps. The bin size for the heatmaps presented 

here is 100bp.  

 

‘computeMatrix reference-point --regionsFileName PeaksFileOrGeneTssFile.bed  --

scoreFileName SignalFile.bw --binSize 100 -b 5000 -a 5000 --outFileName OutputFile --

missingDataAsZero --referencePoint center’ 

 

‘plotHeatmap’ was used to visualize the table. To cluster the heatmaps, the inside K-

means clustering option in ‘plotHeatmap’ was used. 
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Motif Analysis 

Motif analysis was primarily performed using the MEME Suite 4.11.2 (Bailey et al., 

2009). De novo analysis was performed using DREME (http://meme-

suite.org/tools/dreme) (Bailey, 2011) using the 100bp surrounding the summit of the 

Foxh1 peak. All motifs with an E-value of < 0.05 were identified and shuffled input 

sequences were used as background control. To identify TFs that recognize the 

discovered motifs, we used TOMTOM (http://meme-suite.org/tools/tomtom) (Gupta et 

al., 2007) against the Vertebrates (in vivo and in silico) database, and displayed E-

values < 10.  

 

The positional distribution of motifs around the Foxh1 peak summits was investigated 

using CentriMo (http://meme-suite.org/tools/centrimo) (Bailey and Machanick, 2012), as 

well as visualized through heatmaps. Regions analyzed were 1kb (CentriMo) or 2kb 

(heatmaps) surrounding the peak summit. CentriMo output used weighted moving 

average smoothing and a window of 50 (stage 8 and 9) or 80 (persistent peaks). 

 

To generate heatmaps, Foxh1 peak BED files were first annotated for the motif 

occurrence using ‘annotatePeaks.pl.’   

 

‘annotatepeaks.pl <Foxh1peaks.bed> Xentro7.fa –size 2000 –hist 20 –ghist –m 

motif.motif –mbed motif.bed > peak.motif.txt’ 

 

From this output, the distribution of the motifs in a set of specific genomic regions were 
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extracted and visualized with MATLAB R2015a. 

 

In this report, we investigated the enrichment of various motif combinations under the 

Foxh1 persistent peaks, all Foxh1 peaks, and within random genomic regions. To obtain 

the genomic background, we generated a bed file that contains the location of all Foxh1 

motifs (AATHMACA) in the entire genome using the Homer script 

‘findMotifsGenome.pl’. We sampled this bed file to match the number of persistent 

peaks 500 times. In addition, the pools of all Foxh1 peaks and persistent peaks were 

scaled down to include only peaks with a Foxh1 motif. Using a window size of 200bp, 

we searched for the consensus sequences for Smad (CAGAC), Sox family 

(ACAAWRG) and Pou family (ATGCAAAT) TFs in the persistent peaks, all foxh1 peaks, 

and random genomic regions using the Homer command ‘known.’ The percentage of 

peaks with each motif combination was calculated. The Grubb’s test for outliers was 

used to identify the significance of the percentages calculated for the persistent peaks 

and all Foxh1 peaks, compared to the genomic background. 

 

Temporal expression analysis and clustering 

A heatmap of temporal expressions for Foxh1-associated genes (Figure 2.11B) was 

generated using the absolute abundance measurement data from Owens et al. (2016), 

available through GEO accession number GSE65785. The rdRNA-seq data was used 

to ensure correct identification of maternal transcripts. K-means clustering and 

visualization was performed in Python v2.7 using Numpy and Scipy library. Five clusters 

were determined to provide the best representation of the data. For visualization, the 
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expression profile of each gene was normalized to the range of [0,1]. Corresponding 

line plots demonstrating the average transcripts per cluster were also created using 

Python (Figure 2.11C).  

 

Spatial localization of Foxh1 genes 

To investigate the spatial localization of Foxh1-associated genes, we utilized expression 

data from dissected early gastrula (stage 10.5) embryos (Blitz et al., 2016; GEO 

accession number GSE81458). The reads were aligned to Xenopus tropicalis v7.1 

genome using RSEM v1.2.12 (Li and Dewey, 2011). Pairwise comparison of differential 

expression (DE) between the animal cap, dorsal marginal zone, lateral marginal zone, 

ventral marginal zone, and the vegetal mass was performed using EBseq (Leng et al., 

2013). A gene was considered ‘localized’ if the pairwise comparisons identified the gene 

as differentially expressed in at least one comparison. All localized genes were K-

means clustered using R (R Core Team 2014). A Chi-squared test was used to 

measure the statistical significance of the difference in gene expression between genes 

with a persistent peak, genes with any Foxh1 peak, and genes in the entire genome (R 

Core Team 2014). 

 

Additional Bioinformatics 

When necessary, SAM to BAM conversion was performed using Samtools v0.1.19 (Li et 

al., 2009), and BAM files were converted to BED files using ‘bamtobed’ from the 

Bedtools suite v2.19.1 (Quinlan et al., 2010). To find the set of regions (peaks or 

genes), which were in specific relative position toward another set of genomic regions, 
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we used Bedtools’ ‘closestBed.’ To identify the closest genes to the called peaks, after 

getting the list of closest genes using ‘closestBed,’ the list was filtered for distance 

(10kb) between peaks and genes. The intersection of two sets of peaks was generated 

using Bedtools’ ‘intersectBed,’ with the default minimum overlap of 1bp. 

 

Public availability of ChIP-seq datasets 

Publically available data utilized in this report can be accessed through GEO accession 

numbers GSE56000 for H3K4me1 ChIP-seq (Gupta et al., 2014), GSE53654 for Foxh1 

and Smad2/3 stage 10.5 ChIP-seq data, and GSE67974 for stage 12.5 and stage 16 

RNA pol II ChIP-seq (Hontelez et al., 2015). Ep300 ChIP-seq data (Yasuoka et al., 

2014) can be accessed at the DDBJ Sequence Read Archive (DRA) under accession 

number DRA000505. Novel data presented here (Foxh1, Foxa, RNA pol II and Tle 

ChIP-seq) can be accessed through GEO accession number GSE85273. 
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CHAPTER 3 

The Nodal/Foxh1 gene regulatory network controlling Xenopus tropicalis  

germ layer development 
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Abstract 

The Nodal signaling pathway is critical for mesoderm and endoderm formation, and 

signals through interactions between the activated Smad complex and co-transcription 

factors (TF). The maternal TF Foxh1 is one of several TFs known to interact with 

Smad2/3. However, the sets of target genes regulated by Nodal signaling and Foxh1, 

and the broader extent of which Foxh1 proportionally mediates Nodal signaling, is 

unknown. To address these questions, we performed transcriptome analysis over a 

three-point time course of mesendoderm development in wild type, Foxh1 knock down, 

and Nodal signaling inhibited embryos, and identified the sets of genes regulated by 

Foxh1 and Nodal signaling. We further identified Foxh1 and Nodal signaling direct 

targets by incorporating TF binding data. Through this analysis, we uncovered that 

Nodal signaling directly activates a core set of mesendoderm-enriched genes, 

beginning in the stage 9 blastula at approximately the mid-blastula transition. A small 

number of these targets appear co-regulated by Foxh1, while many are Foxh1-

independent. On the contrary, Foxh1 functions to both activate and repress targets. 

Interestingly, Foxh1 activated targets appear enriched with zygotically expressed genes, 

whereas repressed targets are predominately maternally expressed. Taken together, 

we present a mechanism whereby Foxh1 functions in conjunction with, and 

independently of, Nodal signaling to regulate target gene expression during 

mesendoderm development. 
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Introduction 

A major unanswered question in biology is how a single signal can elicit in a variety of 

cellular responses in different biological environments. Formation of the three germ 

layers is one of the earliest events in vertebrate embryogenesis, preceding the 

establishment of the organ and tissue primordia that form the complex adult organism. 

Nodal and its related ligands – part of the TGFβ superfamily of signaling pathways – are 

necessary for both mesoderm and endoderm specification (also collectively referred to 

as ‘mesendoderm’), and also function in other processes including the promotion of 

proper gastrulation movements, left-right asymmetry, and neurogenesis (reviewed in 

Shen, 2007). In order to understand the functional diversification of signaling processes, 

it is essential to identify downstream events. Here, I will attempted to uncover the Nodal 

signaling gene regulatory network (GRN) in mesendoderm development. 

In Xenopus, the five Nodal-related ligands are zygotically expressed under the 

control of the maternal and vegetally localized T-box transcription factor Vegt (Kofron, 

1999; Heasman, 2006). The inhibition of Nodal signaling during early Xenopus 

embryogenesis results in the disruption of endoderm and mesoderm formation, a 

severe delay of gastrulation movements, and a shortened anteroposterior (A-P) axis 

with a severe reductions of anterior and posterior structures (Osada and Wright, 1999; 

Sun et al., 1999; Agius et al., 2000; Onuma et al., 2002; Ho et al., 2006; Chiu et al., 

2014). The reduced expression of mesendodermal genes such as gsc, chrd, cer1, mixer, 

and hhex is also observed in Nodal signaling inhibited embryos (Osada and Wright, 

1999; Agius et al., 2000; Onuma et al., 2002). These findings are consistent with an 

analysis of Nodal-deficient zebrafish embryos (sqt;cyc double mutants) where 
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mesodermal and endodermal markers are not expressed and gastrulation is abnormal 

(Feldman et al., 1998). Mice have one Nodal ligand, and Nodal null embryos fail to form 

a primitive streak - and therefore lack mesoderm and endoderm - and do not undergo 

proper gastrulation (Conlon et al., 1994). Taken together, Nodal signaling is necessary 

for mesendoderm development in vertebrates. 

The Nodal signaling pathway is transcriptionally mediated by the activated 

Smad2/4 complex, which translocates to the nucleus and regulates target gene 

expression in conjunction with co-TFs. One of these is the maternally inherited TF 

Foxh1, which has been shown to play a critical function during mesoderm and 

endoderm development, through studies in Xenopus, zebrafish, mouse, and 

differentiated human embryonic stem cells (hES cells) (Chiu et al., 2014; Kofron et al., 

2004; Howell et al., 2002; Pogoda et al., 2000; Sirotkin et al., 2000; Slagle et al., 2011; 

Hoodless et al., 2001; Yamamoto et al., 2001; Yoon et al., 2011). Originally identified as 

a component of the Activin-responsive factor (ARF) that interacted with the mix1 ARE 

following Activin stimulation (Chen et al., 1996; Chen et al., 1997), knock down of Foxh1 

in Xenopus embryos results in defects in mesendoderm formation, delayed gastrulation, 

reduced head structures, and a shortened A-P axis (Howell et al., 2002; Kofron et al., 

2004b; Chiu et al., 2014). In addition, morphants exhibit reduced expression of 

mesendodermal and organizer genes (Kofron et al., 2004; Chiu et al., 2014). Similarly, 

in zebrafish, maternal and zygotic schmalspur (MZsur) mutants (the zebrafish Foxh1 

homolog) display anterior truncations and a shortened body axis, as well as a reduction 

in the expression of organizer genes and an inability to maintain Nodal signals at late 

blastula and early gastrula stages (Pogoda et al., 2000; Sirotkin et al., 2000). Taken 
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together, these loss-of-function (LOF) analyses indicate a critical role for Foxh1 in 

mesendoderm development. However, consistent with the notion of multiple Smad2/3-

interacting proteins, the inability of a Foxh1 knock down to recapitulate that of Nodal 

signaling in Xenopus and zebrafish suggests that this TF regulates a subset of Nodal 

target genes involved in mesendoderm development. 

 Despite a critical role for Nodal signaling and Foxh1 in mesendoderm specification, 

broad knowledge of their target genes is lacking. In a few well-characterized example, 

Nodal promotes a positive autoregulatory loop by directly regulating expression of 

nodal1 via an enhancer in the first intron (Osada et al., 2000), and Xenopus mix1 

(formerly known as mix.2 in Xenopus laevis) has been shown to be directly regulated by 

Activin and related factors via an Activin-responsive element (ARE) in its promoter 

(Chen et al., 1996) (also see below). Nodal signaling has also been shown to regulate 

mesendodermal genes such as mixer, mix1, gata6, lhx1, sox17, and hhex, as injection 

of xnr2 RNA is able to rescue the expression of these genes in VegT-depleted embryos 

(Xanthos et al., 2001). From a genome-wide perspective, DNA microarrays have been 

used to identify a set of endoderm-enriched genes putatively regulated by Nodal 

signaling in mid-gastrula stage Xenopus embryos (Sinner et al., 2006). However, as 

Nodal signaling begins with zygotic transcription in the blastula, it is unknown which of 

these genes are direct Nodal signaling targets. We recently investigated Foxh1 and 

Nodal signaling direct target genes in early gastrula (stage 10.5) Xenopus tropicalis 

embryos using a combination of ChIP- and mRNA-seq (Chiu et al., 2014). While these 

analyses are crucial in elucidating the complex role Foxh1/Nodal signaling plays in 

during stages of mesendoderm development, they represent only a snapshot of the role 
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of Foxh1 and Nodal during germ layer development. Therefore, it is critical to 

investigate the Foxh1/Nodal signaling gene regulatory network over a time course of 

mesendoderm development from ZGA to early gastrulation. 

Here, we sought to identify the set of Foxh1 and Nodal signaling direct target 

genes. We utilized knock downs coupled with high-throughput sequencing (mRNA-seq) 

to identify the set of genes regulated by Nodal signaling and Foxh1 over the time course 

of early germ layer development (early blastula through early gastrula). We then 

incorporated Foxh1 and Smad2/3 binding data from our ChIP-seq analysis to identify 

direct targets and expand upon the Foxh1/Nodal GRN. In addition to identifying the 

direct Nodal and Foxh1 target genes, we find that Foxh1 target genes are dynamically 

regulated during blastula and early gastrula stages. This work also confirms our 

previous findings that Nodal signaling is primarily an activating pathway, whereas Foxh1 

both positively and negatively regulates targets. Interestingly, while genes activated by 

Foxh1 are, in general, transcribed around the MBT, genes repressed by Foxh1 are 

enriched maternally. This work dissecting the complex Nodal signaling GRN – and the 

contribution of Foxh1 – in germ layer development in vivo is critical to our understanding 

of the evolutionary role of this signaling pathway in development, as well as for in vitro 

applications to the field of regenerative medicine. 
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Results 

Validation of Foxh1 and Nodal signaling loss-of-function (LOF) 

To investigate the set of genes regulated by Foxh1 and Nodal signaling, I first validated 

tools to 1) knock down Foxh1 protein and 2) inhibit the Nodal signaling pathway. To 

knock down Foxh1 protein, previous work in Xenopus laevis utilized the injection of 

morpholino oligonucleotides (MO) into fertilized eggs, and reported on the gastrulation 

defects of Foxh1 morphants (Howell, 2002). Furthermore, since Foxh1 is maternally 

inherited, Kofron et al. (2004a) utilized a maternal knock down approach to deplete 

eggs of foxh1. In this challenging technique, mature Xenopus oocytes are injected with 

an antisense oligo targeting foxh1, stained with vital dyes for later selection, and 

transferred into a host frog. After laying, the resulting eggs are fertilized and the 

phenotype analyzed. However, neither of these studies validated the level of Foxh1 

protein in these morphants, compared to uninjected control embryos. Using a 

translation blocking MO against Xenopus tropicalis Foxh1 and a custom-made rabbit 

anti-xtFoxh1 antibody, our lab recently investigated the Foxh1 protein level in morphant 

and uninjected control embryos in the early gastrula (stage 10.5) (Chiu et al., 2014). We 

reported that the 2-cell stage injection of translation-blocking MO against foxh1 

completely abolished Foxh1 protein by the beginning of gastrulation. The efficacy of the 

MO was further validated through quantitative RT-PCR analyses on known Foxh1 

targets, and the specificity of the MO was confirmed by rescuing the morphant 

phenotype through the co-injection of MO-resistant Foxh1 RNA (Chiu et al, 2014). 

One potential criticism of relying on Foxh1 expression in the gastrulae when 

examining the function of Foxh1 at the onset of ZGA is the possibility that maternally 
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expressed protein is still expressed in cleavage and blastula stages, compared to the 

early gastrula. Thus, the observed complete loss of Foxh1 at stage 10.5 could be due to 

a combinatorial affect of the MO inhibiting translation of foxh1 mRNA, and the 

degradation of maternal protein (Figure 2.1B). My western blot analysis, however, 

showed that Foxh1 protein is expressed at low levels in the egg, compared to cleavage 

and blastula stages (Figure 2.1B), despite the fact that foxh1 mRNA is maternally 

inherited (Figure 2.1A). I therefore reasoned that the injection of foxh1 MO at the one-

cell stage – immediately following fertilization and removal of the jelly coat – would be 

sufficient to significantly knock down Foxh1 protein. When doing so, I observed a 

significant decrease in Foxh1 protein in stage 6 (32-cell) morphants compared to 

uninjected controls (Figure 2.7D), and conclude that this knock down technique 

efficiently blocks the synthesis of Foxh1 protein. 

 The chemical inhibitor SB431542 has been shown to specifically block the 

phosphorylation of Smad2/3 in cell culture (Inman et al., 2002) and has been utilized to 

inhibit Nodal signaling in Xenopus laevis (Ho et al., 2006). I sought to validate the use of 

SB431542 in Xenopus tropicalis. I cultured embryos in medium containing increasing 

concentrations of SB431542 or DMSO (solvent), and examined gene expression 

changes at the beginning of gastrulation. I performed quantitative RT-PCR on known 

Nodal signaling regulated genes (e.g. gsc, chrd), as well as genes regulated 

independently of Nodal signaling (e.g. ventx2.1, mex3c) (Figure 3.1A). I observed that 

Nodal regulated genes were down-regulated in a dose-dependent manner, whereas 

non-Nodal regulated genes were largely unaffected. Based on these results, the 100µM 

concentration was selected for further work. This concentration is also consistent with 

77



 

Figure 3.1 The small molecule inhibitor SB431542 effectively and specifically 
inhibits Nodal signaling. A) Quantitative RT-PCR analyses were performed on 
embryos treated with DMSO and an increasing concentration of the Nodal signaling 
inhibitor SB431542. Nodal signaling targets gsc and chrd were signficiantly down 
regulated in a dose-dependent manner by the beginning of gastrulation (stage 10.5). 
The BMP target gene ventx2.1 and the Foxh1 target mex3c were not affected. 
Expression levels were normalized to the housekeeping gene odc1. B) 
Immunoprecipitation coupled with western blot analysis investigating the level of 
pSmad2/3 (Nodal) and pSmad1/5/8 (BMP) in DMSO or SB431542-treated embryos. 
Figure adapted from Chiu et al. (2014). 
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that used to inhibit Nodal signaling in Xenopus laevis (Ho et al., 2006).  

 The specificity of SB431542 in the inhibition of pSmad2/3 has been examined in 

cell culture (Inman et al, 2002), and the Xenopus laevis phenotype rescued through the 

injection of inhibitor resistent ALK4 (Ho et al., 2006). However, the specificity in 

inhibiting Nodal signaling has not been examined in vivo in Xenopus tropicalis. 

Therefore, I next confirmed the specificity of SB431542 to the inhibition of the 

phosphorylation of Smad2/3, and not the BMP Smads 1/5/8 by performing a western 

blot analysis on embryos cultured in SB431542 or DMSO. To increase the sensitivity of 

this assay, I first performed an immunoprecipitation for either Smad2/3 or Smad1/5/8, 

followed by western blot analysis to investigate the level of pSmad2/3 and pSmad1/5/8 

in SB431542 or DMSO cultured stage 10.5 Xenopus tropicalis embryos (Figure 3.1B). 

While SB431542 treatment nearly abolished pSmad2/3 compared to DMSO, 

pSmad1/5/8 was unaffected. The membranes were stripped and re-probed for pan-

Smad, revealing that the total levels of the Smad proteins were unaffected. Taken 

together, these results confirm that SB431542 treatment specifically and effectively 

inhibits Nodal signaling. 

 

Identification of Foxh1 and Nodal regulated genes 

Having found that I could effectively knock down both Foxh1 and Nodal signaling, I 

sought to use this LOF to investigate the set of regulated genes. I performed mRNA-seq 

analysis on foxh1 MO-injected and SB431542-treated embryos over the time course of 

mesendoderm development. RNA from treated and control embryos were collected at 

the early blastula (stage 8), late blastula (stage 9) and early gastrula (stage 10.5) 
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Figure 3.2 Criteria for the identification of direct target genes. Genes were 
identified as direct Nodal signaling and/or Foxh1 targets if they were bound by Smad2/3 
and/or Foxh1 (based on ChIP analyses in Chapter 2) and if the loss-of-function resulted 
in a significant change in the expression level of the associated gene. 
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stages, using two biologically independent samples. After library construction and 

sequencing, reads were mapped to the Xenopus tropicalis version 7 transcriptome, and 

differential gene expression analysis was performed using EBseq (see materials and 

methods). Genes were identified as being differentially expressed between treated and 

control samples based on the dual criterion that 1) the confidence in differential 

expression was ≥ 95%, and that 2) the fold-change (positive or negative) was ≥ 1.5. I 

selected a 1.5 fold-change cut-off based on previous bioinformatic analysis that 

demonstrated a high correlation between Foxh1 binding and gene expression changes 

(Kolmogorov-Smirnov Test) (Chiu et al., 2014). Additionally, I reasoned that a 1.5 fold-

change cut-off would allow for the identification of a more complete list of regulated 

genes, as many developmentally important genes have multiple regulatory inputs – 

which can impact measured gene expression changes. In this study, genes identified as 

differentially expressed were called ‘regulated’ genes or targets, and these genes can 

be either positively regulated (down-regulated in the LOF) or negatively regulated (up-

regulated in the LOF). We also correlated these regulated genes to TF binding (see 

Chapter 2). Regulated genes associated with TF binding were identified as putative 

‘direct’ target genes (Figure 3.2). 

At the early blastula stage (stage 8), I identified 14 genes regulated by Foxh1 

(Table 3.1). Seven genes were down-regulated, and 7 were up-regulated, indicating that 

Foxh1 both positively and negatively regulates genes. Foxh1 binding is detected near 5 

of these genes, suggesting that these are bona-fide direct Foxh1 targets. These genes 

include nmd3, serpinf2, mcl1, msx1, Xetro.K01879, and Xetro.K01883 (Table 3.1, 

genes indicated in bold). Msx1 is a known BMP target gene (Suzuki et al., 1997) that is 
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Table 3.1 Early blastula (stage 8) differentially expressed genes in Foxh1 
morphants. Genes highlighted in orange are positively regulated, and those highlighted 
in blue are negatively regulated. Genes associated with Foxh1 binding are indicated in 
the right-most column and marked in bold. 
 

 

 

 

 

 

 

 

 

 

82



activated at ~6.5 hpf (Owens et al., 2016) in the ventral animal and marginal zones 

(Suzuki et al., 1997), and these results implicate Foxh1 in the direct repression of this 

gene.  

In SB431542-treated embryos, I identified only one gene – Xetro.G01729 – that 

is significantly affected (~2-fold down-regulated) (not shown). The lack of differentially 

expressed genes at this stage in Nodal inhibited embryos was expected, as Nodal 

signaling is not detected until early stage 9 (Figure 2.1D). 

By the late blastula (stage 9), ZGA and Nodal signaling has begun. I identified 97 

genes regulated by Foxh1, the majority of which (77) are associated with Foxh1 binding 

(Table 3.2). Thirty-eight of these genes are positively regulated by Foxh1, and 39 are 

negatively regulated. Positively regulated genes include the organizer genes chrd, gsc, 

and nog (Koide et al., 2005). Negatively regulated genes include the ventrally 

expressed genes szl (Salic et al., 1997) and gata2 (Kelley et al., 1994), and, 

interestingly, the organizer gene otx2 (Blitz and Cho, 1995).  

On the other hand, I identified 84 genes regulated by Nodal signaling, the vast 

majority of which are positively regulated (Table 3.3). Twenty-nine of these genes are 

bound by Smad2/3, based on our stage 10.5 ChIP-seq analysis (see Chapter 2 and 

Chiu et al., 2014), and all are positively regulated. These results confirm our previous 

report that the primary role of Nodal signaling is to activate gene expression. Direct 

Nodal target genes at this stage include the mix-family TFs mix1, bix1.1 and mixer, as 

well as gata4, gata6, foxa4, and the nodal ligand nodal2, among others. I noted that 

some bona-fide Nodal target genes (e.g. gsc) were not identified as being Smad2/3-

bound based on this stringent criteria, and were therefore not identified as direct targets. 
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Table 3.2 Late blastula (stage 9) differentially expressed genes in Foxh1 
morphants. Genes highlighted in orange are positively regulated, and those highlighted 
in blue are negatively regulated. Genes associated with Foxh1 binding are indicated in 
the right-most column and marked in bold. 

84



 

Table 3.2 (continued) Late blastula (stage 9) differentially expressed genes in 
Foxh1 morphants. Genes highlighted in orange are positively regulated, and those 
highlighted in blue are negatively regulated. Genes associated with Foxh1 binding are 
indicated in the right-most column and marked in bold. 
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Table 3.3 Late blastula (stage 9) differentially expressed genes in SB431542-
treated embryos. Genes highlighted in orange are positively regulated, and those 
highlighted in blue are negatively regulated. Genes associated with Smad2/3 binding at 
stage 10.5 are indicated in the right-most column and marked in bold. 
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Table 3.3 (continued) Late blastula (stage 9) differentially expressed genes in 
SB431542-treated embryos. Genes highlighted in orange are positively regulated, and 
those highlighted in blue are negatively regulated. Genes associated with Smad2/3 
binding at stage 10.5 are indicated in the right-most column and marked in bold. 
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Focusing on the putative direct targets of both Foxh1 and Nodal signaling, our analysis 

identifies only 4 genes – bix1.1, ngfr, otx2 and pitx2 – to be directly regulated by both 

Foxh1 and Nodal in the late blastula. Interestingly, while bix1.1 and ngfr (nerve growth 

factor receptor) are positively regulated by both Foxh1 and Nodal, otx2 and pitx2 are 

negatively regulated by Foxh1, but positively regulated by Nodal. These findings 

indicate that Foxh1 and Nodal signaling might be functioning through opposing 

regulatory mechanisms at this stage, whereby Foxh1 may be repressing the early 

activation of targets, whereas Smad2/3 signaling is necessary for their activation. I also 

noted that all of the 29 direct Nodal target genes were also bound by Foxh1, despite not 

being identified as differential expressed in the Foxh1 morphants. It will be necessary to 

further investigate the function of Foxh1 binding to these genes. 

At the beginning of gastrulation (stage 10.5), I identified 155 genes differentially 

expressed in Foxh1 morphants, 103 of which are also associated with Foxh1 binding 

(Table 3.4). Ninety-five of these regulated genes were also identified in Chiu et al. 

(2014), and 71 genes are associated with Foxh1 binding. Both my study and Chiu et al. 

(2014) identified positively and negatively regulated direct targets. I conclude that these 

two studies identify a consistent set of Foxh1 regulated genes, although Chiu et al. 

(2014) identified a larger set (see discussion).  

Finally, at stage 10.5, I identified 308 genes differentially expressed in Nodal 

signaling inhibited embryos. While most of these genes were down regulated when 

Nodal is inhibited, 57 were up regulated. Correlating these 308 Nodal regulated genes 

to Smad2/3 binding, I found 59 genes to be associated with Smad2/3 peaks (Table 3.5). 
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Table 3.4 Early gastrula (stage 10.5) differentially expressed genes in Foxh1 
morphants. Genes highlighted in orange are positively regulated, and those highlighted 
in blue are negatively regulated. Genes associated with Foxh1 binding are indicated in 
the right-most column and marked in bold. 
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Table 3.4 (continued) Early gastrula (stage 10.5) differentially expressed genes in 
Foxh1 morphants. Genes highlighted in orange are positively regulated, and those 
highlighted in blue are negatively regulated. Genes associated with Foxh1 binding are 
indicated in the right-most column and marked in bold. 
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Table 3.4 (continued) Early gastrula (stage 10.5) differentially expressed genes in 
Foxh1 morphants. Genes highlighted in orange are positively regulated, and those 
highlighted in blue are negatively regulated. Genes associated with Foxh1 binding are 
indicated in the right-most column and marked in bold. 
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Table 3.5 Early gastrula (stage 10.5) putative direct Nodal signaling targets. 308 
total genes were identifies as regulated by Nodal signaling. Here, I highlight the 59 
putative direct Nodal targets based on Smad2/3 binding. Genes highlighted in orange 
are positively regulated, and those highlighted in blue are negatively regulated.  
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Table 3.5 (continued) Early gastrula (stage 10.5) putative direct Nodal signaling 
targets. 308 total genes were identifies as regulated by Nodal signaling. Here, I 
highlight the 59 putative direct Nodal targets, based on Smad2/3 binding. Genes 
highlighted in orange are positively regulated, and those highlighted in blue are 
negatively regulated. 
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All but one of these genes (cenpj) was positively regulated by Nodal, again supporting 

the notion that Nodal signaling is primarily an activating pathway.  

Taken together, this mRNA-seq time course analysis – coupled with Foxh1 and 

Smad2/3 ChIP-seq analyses – allowed for the identification of Foxh1 and Nodal 

signaling direct targets. Across the entire time course, I identified 220 Foxh1 regulated 

genes, with 147 being putative direct targets (Table 3.6), and 324 Nodal signaling 

regulated genes, with 62 putative direct targets (Table 3.7). Fifty-seven genes were co-

regulated by both Nodal and Foxh1 (Table 3.8 and Figure 3.3A). However, when 

binding data is taken into account using Smad2/3 peaks identified through IDR analysis 

on Chiu et al. (2014) datasets, only 12 genes are identified as direct Noda/Foxh1 

targets (Figure 3.3B). I posit that this low number is due to a stringent Smad2/3 peak 

calling criteria between the two biological replicates, and so likely represents a subset of 

target genes. Gene ontology (GO) analyses were also performed for all Nodal signaling 

and Foxh1 direct targets (Figure 3.4). The top three enriched terms for Nodal signaling 

direct target genes were ‘embryonic morphogenesis,’ ‘organ morphogenesis,’ and ‘stem 

cell differentiation,’ and enriched terms also include ‘gastrulation,’ and ‘endoderm 

development.” These terms are consistent with the known function of Nodal signaling 

during this period of development. The top three enriched terms for Foxh1 target genes 

include ‘embryonic morphogenesis,’ ‘forebrain development,’ and ‘negative regulation of 

transcription,’ and the term ‘gastrulation’ is also enriched. The enrichment of terms that 

include ‘negative regulation’ in Foxh1 targets is consistent with our finding that Foxh1 

both positively and negatively regulated targets. The enrichment of the term ‘forebrain 
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Table 3.6 Foxh1 direct target genes identified in this study. List of 147 putative 
direct Foxh1 target genes, cumulative over the time course. Direct targets are based on 
the dual criterion of Foxh1 binding and gene expression changes in Foxh1 morphants. 
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Table 3.7 Direct Nodal signaling target genes identified in this study. List of 62 
putative direct Nodal signaling target genes, cumulative over the time course. Direct 
targets are based on the dual criterion of Smad2/3 binding (stage 10.5) and gene 
expression changes in SB431542-treated embryos. 
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Table 3.8 Foxh1 and Nodal signaling co-regulated genes. Set of genes regulated by 
both Foxh1 and Nodal signaling, based on loss-of-function RNA-seq. When binding 
data is incorporated, we identified 12 genes as directly regulated by Nodal and Foxh1 
(bix1.1, cxcr4, frzb, hhex, ngfr, nodal1, otx2, pdgfra, pitx2, plekhg5, sebox, 
Xetro.I02067). 
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Figure 3.3 Overlap between Nodal signaling and Foxh1 regulated and direct 
targets. Venn diagrams summarizing the overlap between Nodal signaling and Foxh1 
regulated genes (A) and direct targets (B). 
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Figure 3.4 GO analyses of Nodal signaling and Foxh1 direct targets. Enrichment 
scores of top enriched categories. GO analyses were performed using Metascape, and 
the human gene annotations were used. 
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development’ is also consistent with the phenotype of Foxh1 morphants, which exhibit 

severe head defects.  

 

Gastrula stage spatial expression patterns of Foxh1 and Nodal regulated genes 

Maternal Foxh1 is expressed ubiquitously in the early embryo (Chiu et al., 2014), 

whereas Nodal signaling is high in the dorsal mesendoderm (Agius et al., 2000; Faure 

et al., 2000). Based on these spatial differences, we investigated whether Foxh1 and 

Nodal targets were expressed in different embryonic tissues by mining the mRNA-seq 

data obtained from dissected early gastrula Xenopus tropicalis embryos (Blitz et al., 

2016). In this study, tissue fragments were obtained from 5 embryonic regions (animal 

cap, ventral marginal zone, lateral marginal zone, dorsal marginal zone, and vegetal 

pole). Using these data, we created clustered heatmaps revealing the expression level 

of Foxh1 or Nodal target genes within each tissue fragment (Figure 3.5 and Figure 3.6, 

also see experimental procedures).  

As the correlation between Smad2/3 ChIP and gene regulation identified a 

relatively small number of direct Nodal targets, we started by investigating all Nodal 

regulated genes at stages 9 and 10.5 (Figure 3.5A and B). These sets encompassed 

both direct and indirect targets. We found that the vast majority of Nodal regulated 

genes are expressed in the vegetal pole and in the dorsal marginal zone, consistent 

with the known domain of high Nodal signaling. A small set of genes had confined 

expression in the animal cap and marginal zone, and these may be indirect targets. We 

then analyzed the expression patterns of genes positively or negatively regulated by 

Nodal signaling (Figure 3.5C and D). Positively regulated genes (Figure 3.5C) were 
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enriched in the dorsal marginal zone and vegetal pole, as expected. However, 

negatively regulated genes were strongly enriched for vegetal-specific expression 

(Figure 3.5D). A small number of negatively regulated genes also had confined 

expression in the animal cap and marginal zone. As our analysis revealed that Nodal 

signaling direct targets were almost entirely positively regulated, these negatively 

regulated genes are presumably indirect targets. This observation raises the possibility 

that Nodal signaling regulates a vegetal-specific repressor(s). Finally, we investigated 

the spatial expression patterns of direct Nodal signaling targets (Figure 3.5E and F). 

Almost all Nodal signaling direct targets are expressed in the vegetal and marginal 

zone, with very little, if any, expression in the animal cap. This is consistent with the 

known expression patterns of the Nodal ligands and pSmad2/3 activity. 

Stage 9 Foxh1 regulated genes have variable expression patterns, including 

vegetal specific, vegetal and marginal zone, and animal cap (Figure 3.6A). As a whole, 

however, most genes are expressed in the vegetal pole and the marginal zone. Stage 

10.5 regulated genes display a similar pattern (Figure 3.6D). At each stage, Foxh1 

targets are split evenly between being positively and negatively regulated. We therefore 

separately examined the expression patterns of activated (positive) and repressed 

(negative) direct targets. Activated targets are predominately expressed in the vegetal 

pole and in the marginal zone (Figure 3.6B and E). However, in contrast to Nodal 

signaling targets, some Foxh1 direct targets have expression patterns confined to the 

animal cap and marginal zone. Repressed targets are also expressed in all tissues. 

Interestingly, repressed targets appear to be confined to either the vegetal mass or the 

animal-marginal zones. In other words, dorsal-vegetal expression patterns observed 
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Figure 3.5 Spatial distributions of Nodal signaling regulated genes. Localized 
genes identified from mRNA-seq in dissected Xenopus tropicalis early gastrula embryos 
(Blitz et al., 2016). Expression level of each gene (vertical) is shown in each tissue type 
(horizontal) and displayed as a z-score. Green is high expression and pink is low. 
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Figure 3.6 Spatial distribution of Foxh1 regulated genes. Localized genes identified 
from mRNA-seq in dissected Xenopus tropicalis early gastrula embryos (Blitz et al., 
2016). Expression level of each gene (vertical) is shown in each tissue type (horizontal) 
and displayed as a z-score. Green is high expression and pink is low. 
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amongst activated targets, appear lost. It will be interestingly to investigate whether 

Foxh1 is repressing these targets in a tissue-specific manner. 

 

Dynamics of Foxh1 direct targets 

I identified 147 putative direct Foxh1 target genes that are associated with a Foxh1 

peak at any point during the time course and display significant expression changes 

after the loss of Foxh1. As only 5 direct targets were identified at stage 8, I focused my 

additional analysis on the target genes identified at the later stages. I examined the set 

of putative direct targets differentially expressed at stages 9 and 10.5 (Table 3.9 and 

Figure 3.7). Of the 147 direct Foxh1 targets, 25 were identified as differentially 

expressed at both stages 9 and 10.5. These include the extracelluar BMP antagonists 

chrd and nog, the activin/BMP antagonist fst, as well as the homeodomain TF gsc – all 

Spemann Organizer genes. The list also includes Foxh1 repressed targets, such as the 

TFs hand2 and barhl2 which are transiently expressed from ~ 2.5 hpf to ~ 9 hpf (not 

shown) (Owens et al., 2016). The absolute expression level is higher for hand2. The 

specific role of Foxh1 in the repression of these TFs remains to be investigated. That 

these genes are continuously differentially expressed across two stages suggests that 

Foxh1 plays a major role in their regulation. 

I also note two particularly interesting cases: the regulation of the organizer TF 

otx2, and the ventrally expressed TF gata2. At stage 9, these genes are up regulated in 

Foxh1 morphants (negatively regulated), but at stage 10.5 are down regulated 

(positively regulated). These genes are not identified as differentially expressed at stage 

8. Otx2 was also identified in our study as a direct Nodal signaling target, and gata2 is 
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Table 3.9 Dynamics of Foxh1 direct target genes between late blastula (stage 9) 
and early gastrula (stage 10.5). Late blastula-specific regulated genes are indicated in 
pink, and early gastrula specific are indicated in purple. Genes differentially expressed 
at both stages are indicated in grey. Genes down regulated in Foxh1 morphants 
(activated) are bolded, and genes up regulated (repressed) are in plain font. Otx2 and 
gata2 are negatively regulated at stage 9, but positively regulated at stage 10.5. 
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Figure 3.7 Dynamics of Foxh1 direct targets. Venn diagram summarizing the overlap 
between Foxh1 direct targets at stages 9 and 10.5 (related to table 3.9). 
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regulated by ventral BMP signaling (Maeno et al., 1996). These findings suggest an 

intriguing mechanism of dual regulation by Foxh1 and Smad2/3 or Smad1/5/8 (see 

discussion). 

The majority of direct Foxh1 target genes were differentially expressed at only 

one stage (Figure 3.7). At stage 9, 42 genes were differentially expressed, including the 

zinc-finger TF klf17, the mix-family TFs bix1.1 and bix1.2, the chemokine receptor 

cxcr4, the ventrally expressed Wnt antagonist szl, and the homeodomain TF pitx2. At 

stage 10.5, 78 genes were differentially expressed. Gene ontology (GO) analysis was 

performed on the stage 9 and 10.5 direct targets, but no useful patterns were observed 

(Figure 3.8). 

However, the finding that there is little overlap between the stage 9 and stage 

10.5 Foxh1 regulated genes was intriguing. I hypothesized that the stage 10.5 targets 

are activated later than the stage 9 targets, which would account for the delay in their 

identification as differentially expressed. To examine this, I charted the temporal 

expression patterns of the stage 9 and 10.5 positively regulated targets using the 

transcriptome data generated by Owens et al. (2016) (Figure 3.9). Both sets of target 

genes contain numerous zygotically activated genes, many of which are activated 

during the blastula stages. A visual inspection of the targets suggests that stage 9 

transcripts, on average, appear to rise from the baseline at ~3-3.5 hpf (Figure 3.9A). On 

the contrary, the activation of stage 10.5 transcripts is shifted slightly later to ~4-4.5 hpf 

(Figure 3.9B). Additional bioinformatics analyses – including the correlation with 

observed RNA pol II enrichment – will be necessary to validate these trends. However, 

while the later activation time could help to explain the increase in differentially 
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Figure 3.8 GO analyses of direct Foxh1 targets. Enrichment scores of top enriched 
categories. GO analyses were performed using Metascape, and the human gene 
annotations were used. 
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Figure 3.9 Activation of Foxh1 direct target genes. Temporal expression patterns of 
stage 9 (A) and stage 10.5 (B) Foxh1 activated targets. Transcriptome data obtained 
from Owens et al. (2016), and the y-axis is transcripts per embryo. The right panels 
represent a zoomed-in view of the boxed regions. 
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expressed genes at stage 10.5 not observed earlier, I noted that most stage 9 target 

genes are not identified as differentially expressed at the later stage (Table 3.9, pink). 

These genes do not appear to have sharp, transient, expression patterns (Figure 3.9A). 

I posit then that Foxh1 plays a role in the initial activation of these genes, while 

additional TFs are involved in the further maintenance of gene expression. Therefore, 

perhaps the later recruitment of zygotic TFs causes the gene expression to return to 

wild type levels. 

 

Foxh1 positively and negatively regulates unique sets of genes 

The findings in this chapter confirm previous reports that Foxh1 functions as both a 

transcriptional activator and repressor (Kofron et al., 2004; Chiu et al., 2014). Our 

finding that Foxh1 recruits the co-activator Tle in the blastula (see Chapter 2) further 

supports this notion. I asked whether there were differences in the sets of genes 

positively and negatively regulated by Foxh1. I performed GO analysis to investigate 

whether Foxh1 activated and repressed targets were associated with different biological 

functions (Figure 3.10). The top three enriched categories for Foxh1 activated targets 

were ‘gastrulation,’ ‘embryonic morphogenesis,’ and ‘brain development’ (Figure 3.10A). 

The top three enriched categories for Foxh1 repressed targets were ‘pattern 

specification,’ ‘forebrain development,’ and ‘axis specification’ (Figure 3.10B). While 

there were some differences between GO enrichment terms, the categories did not 

convincingly suggest diverging functions for Foxh1 in positively and negatively 

regulating targets. 
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Figure 3.10 GO analyses of Foxh1 activated and repressed targets. Enrichment 
scores of top enriched categories. GO analyses were performed using Metascape, and 
the human gene annotations were used. 
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Figure 3.11 Temporal expression patterns of Foxh1 positive and negatively 
regulated direct target genes. Foxh1 positively regulated target genes (activated) (A, 
C, and E) are enriched with genes zygotically activated during early development 
(~MBT). Foxh1 negatively regulated target genes (repressed) (B, D, and F) are enriched 
with maternal genes, which decrease in transcript levels during this period of 
development. G) Nodal signaling direct target genes are zygotically activated at the 
MBT (~5 hpf). Y-axis is transcripts per embryo. Temporal expression data from Owens 
et al. (2016), with ribo-depleted RNA-seq data shown. 
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I then investigated the temporal expression patterns of Foxh1 activated and 

repressed target genes (Figure 3.11). Here, I found that Foxh1 activated targets are 

generally zygotically expressed and activated at or slightly after ZGA (Figure 3.11A, C 

and E). While some of these genes are also maternally inherited, most display an 

increase in transcripts during ZGA, indicating that they also have a zygotic component. 

However, Foxh1 repressed genes are enriched with maternal transcripts that do not 

appear, based on the temporal expression patterns, to have a zygotic component 

(Figure 3.11B, D and F). These genes are abundant in the egg (time point 0) and 

throughout cleavage stages, and transcript levels decrease beginning at ~5 hpf. These 

finding suggest a novel mechanism whereby maternal Foxh1 functions to activate target 

genes at the start of ZGA, but repress ectopic expression of maternal transcripts. 

 From these data taken together, I propose a putative Nodal signaling and Foxh1 

gene regulatory network (Figure 3.12). This GRN incorporates the direct connections 

determined from this work, taken together with the early gastrula stage spatial patterns 

from Blitz et al. (2016), and provides novel mesendodermal network connections.  
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Figure 3.12 Putative Nodal signaling and Foxh1 gene regulatory network during 
germ layer formation. Network is based on the ChIP-seq and RNA-seq analyses in 
this dissertation. Only transcription factors and direct targets were included in this 
network. Five genes are regulated by Nodal signaling through Foxh1. Gsc is a known 
direct Nodal/Foxh1 target, but was not identified as such in this study. Spatial 
expression was approximated based on dissection data reported in Blitz et al. (2016) 
and targets from all stages have been incrporated. Pitx2 is negatively regulated by 
Foxh1 at stage 9 only, but positively regulated by Nodal signaling at both stages 9 and 
10.5. Otx2 is negatively regulated by Foxh1 at stage 9, but positively regulated at stage 
10.5. 
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Discussion 

Here, I have used high-throughput sequencing to investigate the set of genes regulated 

by Nodal signaling and Foxh1 over the time course of ZGA and mesendoderm 

development. By coupling this mRNA-seq to TF binding data (see Chapter 2), I was 

able to identify direct targets regulated by Nodal and Foxh1. These data will allow for 

the expansion of the GRN involved in mesendoderm development. To date, few studies 

have incorporated both TF binding and LOF analyses into GRNs on a large-scale (see 

Chiu et al., 2014; Kjolby et al., 2016). Over the time course of mesendoderm 

development, I identified a total of 147 direct Foxh1 targets and 62 direct Nodal 

signaling targets. The identification of these direct targets will not only improve our 

understanding of the role of this pathway during mesendoderm development in vivo, but 

will provide a wealth of knowledge that can be applied to the in vitro differentiation of 

endoderm and mesoderm derived tissues.  

I have confirmed previous findings that Foxh1 functions as both an activator and 

a repressor (Kofron et al., 2004; Chiu et al., 2014) – but interestingly, found that Foxh1 

repressed targets are enriched with maternally inherited genes (Figure 3.11) that are 

vegetal-specific in the early gastrula (Figure 3.6). Temporal transcriptome analysis 

reveals that transcript levels of these genes decrease beginning at ~5 hpf, and continue 

to fall through gastrulation. That these transcripts do not appear to increase in 

abundance suggest that they are not activated zygotically during this time period. 

However, it is possible that low levels of zygotic transcription are occurring in 

conjunction with decreasing maternal transcript (De Renzis et al., 2007). This pattern is 

in contrast to the temporal expression patterns of Foxh1 activated genes, which are 
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enriched with targets activated at the MBT (Figure 3.11). These findings suggest a new 

mechanism of Foxh1 function to repress maternally inherited genes to prevent their 

zygotic expression. As the expression patterns of these repressed genes appear 

vegetal-specific at the early gastrula stage, it is tempting to speculate that Foxh1 might 

interact with other vegetal-specific maternal TFs, such as Vegt, Sox7, and/or Otx1. 

Interestingly, Sox and homeodomain motifs were enriched under the blastula stage 

Foxh1 peaks (Figure 2.13). In the context of transcriptional activation, Foxh1 activated 

genes are enriched for dorsal mesendoderm targets (Figure 3.6), perhaps implicating 

Nodal and Wnt signaling as zygotic co-regulators of these genes (Kofron et al., 2004). 

To understand the complexities of Foxh1-mediated gene regulation, in the future it will 

be important to investigate Foxh1’s functions in different embryonic tissues. 

We recently investigated the set of direct Nodal signaling targets at stage 10.5, 

identifying 75 genes (Chiu et al., 2014). In the work presented here, I identified 59 direct 

Nodal targets at stage 10.5 (Table 3.5), 38 of which were also identified in Chiu et al. 

(2014). The differences between these datasets are likely due to differences in the 

bioinformatics analyses. In both studies, the loss of function was performed using the 

same foxh1 MO and small molecule Nodal signaling inhibitor SB431542. However, in 

Chiu et al. (2014), the differential expression analysis was performed using one 

biological sample and the TopHat/Cuffdiff pipeline (Trapnell et al., 2012). In the current 

study, I performed the LOF in biological replicates, and utilized RSEM coupled with 

EBseq for mapping and differential expression analysis (Li and Dewey, 2011; Leng et 

al., 2013), and also used the irreproducibility discovery rate (IDR) methodology for the 

Smad2/3 ChIP-seq peak. Finally, slight staging differences could also account for some 
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variation. Taken together, I believe that this current analysis utilizing biological 

replicates and the IDR pipeline identifies high-confidence direct Nodal signaling targets, 

many of which overlap those previously identified.  

Spatial expression analysis revealed that these putative direct Nodal targets are 

expressed in mesendoderm, and specifically enriched dorsally. This is consistent with 

known patterns of Nodal signaling (Agius et al., 2000; Faure et al., 2000). Identified 

target genes include TFs in the mix and gata families, which are known for their roles in 

endoderm development (Bossard and Zaret, 1998; Henry and Melton, 1998; Tada et al., 

1998; Weber et al., 2000; Kofron et al., 2004; Afouda et al., 2005), secreted signaling 

antagonists cer1, lefty and frzb, and genes that are involved in the regulation of cellular 

morphogenesis, such as cxcr4 and flrt3 (Ogata et al., 2007; Nair and Schilling, 2008). 

Finally, I also note that all of the identified Nodal signaling targets are positively 

regulated. I conclude that Nodal signaling directly activates a diverse set of genes in the 

dorsal mesendoderm. 

Nodal signaling is active in Xenopus tropicalis beginning in the stage 9 blastula 

(Figure 2.1D), and consistent with this finding, no direct targets were identified at stage 

8. At stage 9, I identified 29 direct targets, and 84 total regulated genes. The vast 

majority of the stage 9 direct targets (26/29) are also differentially expressed at stage 

10.5, signifying that they are regulated by Nodal signaling continuously across the two 

stages. However, in this study, I utilized Smad2/3 binding data only from stage 10.5; 

therefore, it is possible that additional Nodal regulated genes are transiently bound by 

Smad2/3 at stage 9. Gupta et al. (2014) reported Smad2/3 binding associated with 488 

and 625 genes at stages 9 and 10.5, respectively. However, after obtaining their 
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publically available datasets, we were unable to identify peaks, and unfortunately, 

differences in genome versions used currently preclude us from correlating their peak 

calls to our differentially expressed genes. Gupta et al. (2014) also identified a small 

number of peaks at stage 8 (207 peaks, corresponding to 178 genes); however, they 

noted that the library at that stage was not of high quality. The finding Nodal signaling is 

not detected until the beginning of stage 9 suggests that there are likely very few 

Smad2/3 peaks at that stage. In comparing stage 9 and 10.5 Smad2/3 binding, Gupta et 

al. (2014) found that only 38 Smad2/3-associated genes overlap between the two 

stages out of 488 stage 9 genes and 625 stage 10.5 genes, and propose that Smad2/3-

mediated regulation is dynamic. However, we identify 83 Nodal regulated genes at 

stage 9 – 56 of which are also differentially expressed at stage 10.5. Twenty-six of 

these are also bound by Smad2/3 at stage 10.5. Therefore, while it is possible that 

Smad2/3 binding is dynamic, a core set of Nodal signaling targets are continuously 

regulated between stages 9 and 10.5. 

In this study, I utilized Foxh1 LOF and binding data to extend the set of putative 

direct Foxh1 targets to 147 over the time course of mesendoderm development. Our 

previous work identified 109 direct Foxh1 targets (Chiu et al., 2014), and this study 

confirms 29 of those genes, including frzb, gsc, hhex, nodal1, otx2, chrd, mex3c, sebox, 

and gata2. There are a number of reasons that can account for the difference in the 

final target gene numbers. It is possible that the remaining unconfirmed targets are false 

positives due to differences in bioinformatics methodology (e.g. differential expression 

analysis, IDR), or may have been excluded from the current study due to differences in 

staging, confidence thresholds, or the efficiency of the Foxh1 knock down. For example, 
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I note that the organizer gene cer1 and the nodal ligand nodal2 were not identified as 

differentially expressed in the study, and further examination revealed that, despite a 2-

fold down regulation in Foxh1 morphants, the knock down did not satisfy our 95% 

confidence threshold. Perhaps variation in expression of these genes in the uninjected 

controls across the biological replicates contributed to a lower differential expression 

confidence. Additional analysis, including slightly relaxing the confidence thresholds, 

may result in an increase in identified Foxh1 targets that can be further validated. 

A major goal of this work was to identify the relative transcriptional contribution of 

Foxh1 to Nodal signaling. Out of 62 total direct Nodal signaling targets, we identified 

only 12 genes that are also direct Foxh1 targets. The remaining 50 direct Nodal targets 

are candidates for Smad2/3 regulation via other Smad-interacting TFs. This finding that 

Foxh1 is not the sole transcriptional activator of Nodal signaling is consistent with Foxh1 

and Nodal LOF phenotypes, and highlights the importance of further analyses 

investigating addition Smad2/3 co-factors, such as Mixer (Germain et al. 2000) and 

Eomesodermin (Slagle et al., 2011; Nelson et al., 2014). It is also possible that some of 

these genes are regulated in part by Foxh1, but the Foxh1 knock down does not result 

in a significant expression change. For example, mesendoderm gene mix1, known to 

recruit Smad/Foxh1 to its activin response element (Chen et al., 1996), was down 

regulated just under 1.5-fold in Foxh1 morphants. I also note the identification 34 direct 

Foxh1 targets also affected by treatment with SB431542 but not bound by Smad2/3. 

Included in this set are known Smad2/3 targets such as gsc (Watabe et al., 1995), so I 

posit that that some of these genes are false negative Nodal targets. Others may be 

indirect Nodal targets. These findings underscore the importance of further validation of 
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identified cis-regulatory elements, for example through mutagenesis experiments, as 

well as investigating the role of additional inputs into the Nodal/Foxh1 mesendoderm 

GRN. 
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Experimental Procedures 

 

Embryo handling 

Xenopus tropicalis embryos were obtained by in vitro fertilization and staged according 

to Neiuwkoop and Faber (Nieuwkoop and Faber, 1994) and the Xenopus tropicalis time 

course generated by Blitz and Khokha and utilized in Owens et al. (2016). For time 

course analysis, biological replicates were generated on a single day using eggs from 

two independent females. A total of 22.5ng of foxh1 morpholino (Chiu et al., 2014) was 

injected into 4 sites of a 1-cell stage embryo. For Nodal signaling inhibition, 4-cell stage 

embryos were immersed in 1/9x MMR containing 100µM SB431542 (Tocris Bioscience) 

or DMSO. All embryos were cultured at 25°C until desired stage.  

 

Immunoprecipitation and western blot analysis 

Embryos were homogenized in THB (20mM Tris pH 7.5, 150mM NaCl, 2mM MgCl2, 1% 

Triton X-100) and centrifuged. The supernatant was then re-centrifuged at 140,000rpm, 

and the lysate was used for immunoprecipitations using anti-Smad2/3 (BD Bioscience, 

#610842) or anti-Smad1/5/8 (Santa Cruz Biotechnologies, sc-6031X) antibody coupled 

to CNBr-activated sepharose beads (GE Healthcare Life Sciences). The 

immunoprecipitated protein was eluted and subjected to western blotting using anti-

pSmad2/3 (Cell Signaling, #3101) or anti-pSmad1/5/8 (Millipore, AB3848). Proteins 

were visualized using HRP-coupled secondary antibody and ECL Prime reagent (GE 

Healthcare Life Sciences). For pan-Smad investigation, membranes were stripped and 

re-probed with anti-Smad2/3 or anti-Smad1/5/8. 
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RNA isolation 

RNA was isolated from ~8-10 embryos per condition per stage as previously described 

(Chomczynski and Sacchi, 1987), followed by an overnight lithium chloride precipitation. 

Pellets were washed twice and resuspended in DEPC’ed water. For RT-qPCR 

analyses, RNA was randomly primed. 

 

RNA-seq library construction and sequencing 

RNA-seq libraries were generated using the Nextera Library Prep kit (Illumina, FC-121-

1030). Libraries were sequenced using the Illumina NextSeq500. 50bp paired-end 

reads were generated for all libraries. 

 

Mapping and differential gene expression analysis 

Mapping and differential gene expression analysis was performed using RSEM (Li and 

Dewey, 2011) and EBseq (Leng et al., 2013). First, reads were mapped to the Xenopus 

tropicalis version 7 transcriptome, and transcript expression values were calculated: 

 

‘rsem-calculate-expression -p 16 -paired-end read.1.txt read.2.txt xt7 output’ 

 

Next, a matrix file of the count values was created for each differential expression 

comparison using the ‘genes.results’ output file: 

 

‘rsem-generate-data-matrix output.mo.genes.results output.control.genes.results > 

mo.control.matrix’ 
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Finally, EBseq was used to identify differentially expressed genes: 

 

‘rsem-run-ebseq mo.control.matrix 2,2 mo.control.results’ 

 

Excel was used to compare differentially expressed genes across conditions and with 

ChIP-seq peaks. 

 

Spatial expression analysis 

To investigate the spatial localization of Nodal and Foxh1 target genes, we utilized 

expression data from dissected early gastrula (stage 10.5) embryos (Blitz et al., 2016; 

GEO accession number GSE81458). The reads were aligned to Xenopus tropicalis v7.1 

genome using RSEM v1.2.12 (Li and Dewey, 2011). Heatmaps were generated and K-

means clustered using R (R Core Team 2014).  

 

Gene Ontology (GO) analysis 

Gene ontology analysis was performed using Metascape (http://metascape.org), using 

the human genome annotations (Tripathi et al, 2015). All Xenopus gene IDs (e.g. Xeto) 

without a human gene symbol were discarded. 
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CHAPTER 4 

Conclusions and Outlook 
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My dissertation focused on the early functions of the maternal TF Foxh1. Through the 

investigation of Foxh1’s in vivo genomic occupancy (ChIP-seq) and regulated genes 

(LOF mRNA-seq) over the time course of early development and mesendoderm 

specification (a window of approximately 3 hours), I propose a critical role for this TF in 

the initiation and regulation of the mesendodermal GRN via genome-wide bookmarking. 

This novel study highlights the temporal dynamics of Foxh1-mediated regulation, and 

suggests mechanisms through which it interacts with other factors and the epigenome 

at cis-regulatory modules (CRMs) important for mesendoderm development. In this 

chapter, I highlight key findings from my dissertation work, discuss their broader 

implications for mesendoderm development, and point to critical future experiments to 

further elucidate the functions of Foxh1. 

 

Insight into the temporal expression pattern of Foxh1 protein 

Foxh1 was originally identified based on its ability to bind to the activin responsive 

element (ARE) of the mix1 gene (Chen et al., 1996). While the investigation of foxh1 

mRNA expression throughout early Xenopus development – through the use of northern 

blot analysis and recent transcriptome profiling – has been thorough (Chen et al. 1996; 

Owens et al., 2016), the temporal expression pattern of maternal Foxh1 protein 

remained elusive. Using a custom antibody specific to Xenopus tropicalis Foxh1 (Chiu 

et al., 2014), I have been able to address this question. I utilized immunoprecipitation 

coupled with western blotting to increase the sensitivity of the assay, and interrogated 

Foxh1 protein expression in the egg, at cleavage stage 6 (32-cells), and at blastula and 

gastrula stages. Interestingly, I identified weak Foxh1 protein expression in the egg, in 
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comparison to abundant Foxh1 at cleavage and blastula stages. However, foxh1 mRNA 

is maternally expressed, and is most abundant in the egg compared to zygotic stages. 

This indicates that the vast majority of Foxh1 protein present throughout early 

embryogenesis is translated post-fertilization. The finding that the one-cell stage 

injection of foxh1 MO severely decreases Foxh1 by stage 6 confirms this. Consistent 

with these findings is the observation that polyadenylated foxh1 increases in the hours 

immediately following fertilization, peaking at ~4.5 hpf (Figure 2.1A). That this increase 

is due to polyadenylated transcript can be confirmed through ribo-depleted sequencing 

(rdRNA-seq), which indicates no increase in foxh1 throughout early cleavage stages 

(Figure 2.2A). This phenomenon of post-fertilization polyadenylation of maternal 

transcripts has been well documented. Finally, Peshkin et al. (2015) recently performed 

proteomic profiling in Xenopus embryos over a time course of development, and we 

mined this dataset with the goal of comparing our observed temporal expression 

pattern. Unfortunately, their database indicates that Foxh1 protein was not observed in 

their samples at any stage. This is most likely due to the sensitivity of their assay, as 

TFs are likely expressed at lower levels compared to other cellular proteins. 

 Northern blot analysis previously revealed foxh1 transcript through 

approximately stage 17 (neurulation) (Chen et al., 1996), and Foxh1/Smad2 has been 

implicated in post-gastrulation processes such as left-right patterning (Osada et al., 

2000). Therefore, it was intriguing to find that the majority of Foxh1 protein was present 

during cleavage and blastula stages, prior to and at the very onset of Nodal signaling. In 

fact, I observed a sudden and significant decrease in Foxh1 protein in the early 

gastrula, which corresponds to a drastic decrease in Foxh1 genomic occupancy. Here, 
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transcriptome analysis provides some insight, as there is a small increase in foxh1 

mRNA at ~8.5 hpf (late gastrula, stage 12) (Owens et al., 2016). This increase is 

observed in both polyA-selected and ribo-depleted RNA-seq, and peaks at ~12 hpf. This 

transient increase in foxh1 mRNA appears mostly likely due to zygotic foxh1. Zygotic 

transcription was confirmed by the observation of RNA pol II enrichment across the 

foxh1 gene at stages 12 and 16 (http://veenstra.ncmls.nl/trackhub.htm). Although 

previous reports did not find evidence of zygotic foxh1 expression (Kofron, 2004), the 

significantly lower levels of zygotic foxh1 compared to the maternal transcript possibly 

obscured the results. Taken together, we observe possible distinct maternal and zygotic 

populations of foxh1, with the maternal population functioning predominately around the 

mid-blastula transition. Additional work will be necessary to confirm and investigate 

zygotic Foxh1. 

 
Foxh1-mediated regulation at during zygotic genome activation 

We investigated Foxh1 binding and regulated genes (via LOF analysis) at the onset of 

ZGA and over mesendoderm development. We identified a set of 954 persistent peaks 

that were continuously occupied by Foxh1 throughout the entire time course, and found 

that they were enriched for Foxa and Smad2/3 co-binding. These regions are also 

epigenetically marked as active enhancers, based on the enrichment of the co-activator 

Ep300 and the histone modification H3K4me1. We therefore propose that these 

persistent peaks are part of critical mesendodermal CRMs controlling mesendoderm 

development. Consistent with this, persistent genes (611 genes) are enriched in the 

dorsal mesendoderm compared to all Foxh1 genes. Using the Fox1 LOF mRNA-seq 

analysis presented in Chapter 3, I further examined the expression of these persistent 

128



genes after foxh1 MO injection. I found that 90 of the persistent genes are regulated by 

Foxh1. This amounts to ~60% of the total identified Foxh1 direct targets (90/147 genes), 

and further indicates that these are functional enhancers. In the future, it will be critical 

to investigate the co-occupancy of Foxh1 and additional TFs at these persistent 

enhancers. Since motif analysis reveals the HMG/Sox motif as enriched under Foxh1 

persistent peaks, so Foxh1 may function together in combination with Foxa and Sox 

factors, in addition to Smad2/3. We do not yet know what Sox TF Foxh1 might interact 

with, as it is maternal, it will be interesting to investigate possible co-regulation of ZGA 

with maternal Sox3 (animal) and/or Sox7 (vegetal). In addition, in later endoderm 

development, preliminary analysis from our lab reveals a partial overlap between Foxh1 

and Sox17 bound regions in the early gastrula. This co-occupancy should be confirmed 

through sequential ChIP analyses. As both Foxa and Sox17 are zygotically expressed, 

these findings place Foxh1 at the top of the transcriptional hierarchy in activating 

mesendoderm CRMs. As the functions of Foxh1, Foxa, Sox17, and Smad2/3 are highly 

conserved in vertebrates, it will be critical to also investigate whether such interactions 

occur in other organisms. 

This work revealed tens of thousands of Foxh1 binding sites in the blastula 

embryo, which was reduced to ~1,000 sites at the beginning of gastrulation. While a 

subset of these peaks are likely functional enhancers (see above), over half of the 

Foxh1 peaks are not associated with marks of active enhancers. Instead, however, we 

found that Foxh1 binding in the early blastula strongly correlates with binding of the co-

repressor Tle, and in fact, Foxh1 binding is necessary for Tle’s recruitment to a set of 

enhancers (Figure 2.7D). This finding, together with our finding that approximately half 
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of the Foxh1 direct targets are repressed, further underscore the implication that a 

major function of Foxh1 is the repression of genes. Interestingly, I found that Foxh1 

repressed targets are enriched with maternal genes, whose temporal profile do not 

indicate zygotic activation at the MBT, suggesting that a major component of Foxh1-

mediated regulation is keeping maternal genes silent. However, our work also revealed 

Foxh1-mediated recruitment of Tle to subsequently activated enhancers. Therefore, it 

will be critical to investigate the broader repressive functions of Foxh1.  

Critical future work necessary to tease out the mechanism of Foxh1-mediated 

regulation is the question of Foxh1 binding in a spatial context. As we used whole 

Xenopus tropicalis embryos for our ChIP experiments, we can only speculate as to 

whether Foxh1’s enhancer occupancy occurs in a tissue-specific manner. As Foxh1 

mRNA is ubiquitous throughout the embryo – as observed at the 8-cell stage and in the 

early gastrula – we posit that Foxh1 binding occurs in both the mesendoderm and in the 

animal cap (prospective ectoderm). To this end, preliminary ChIP-qPCR results indicate 

that Foxh1 occupies mesendodermal enhancers (e.g. mix1, nodal1, gsc) in both stage 9 

animal caps and mesendodermal tissue (R.M.C. and K.W.C., data not shown). We 

therefore posit that Foxh1/Tle bookmarking occurs ubiquitously in the early blastula 

(pre-MBT), and possibly remains bound to mesendodermal enhancers in the 

prospective ectoderm to repress ectopic expression of genes. The recruitment of co-

activating TFs (e.g. Smad2/3) may be required for the full activation of the enhancer. 

The finding that the overexpression of foxh1 inhibits the expression of nodal1 and chrd 

supports such a model (Reid et al., 2016). Such a model implies that Foxh1 functions as 

a context-dependent regulator to mediate proper germ layer development. Future 
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experiments investigating genome-wide Foxh1 and Tle co-binding in different tissue, 

and in the presence or absence of Nodal signaling (e.g. activin RNA injection into naive 

animal caps) will help to elucidate this mechanism.  

 

Foxh1 bookmarking and role as a pioneer factor 

Strikingly, we found that Foxh1 bookmarks putative enhancers in the cleavage stage 

Xenopus tropicalis embryo. To our knowledge, this is the earliest in vivo detection of TF 

binding in Xenopus, and it occurs well before global ZGA, RNA pol II recruitment, and 

the enrichment of epigenetic markings (Chapter 2). These findings raise the question of 

whether Foxh1 functions as a pioneer factor. The first factors to be coined ‘pioneer 

factors’ were Foxa and Gata TFs – identified through in vivo footprinting analysis of the 

albumin enhancer in endodermal gut tissue (Gualdi et al., 1996). These TFs were found 

bound to the enhancer well before the expression of the liver-specific Albumin mRNA, 

and before the recruitment of additional TFs. We observed a similar phenomenon for 

Foxh1, based on cleavage stage and early blastula binding before the recruitment of 

other TFs such as Foxa, Smad2/3, and, possibly, Sox17, and before the enrichment of 

Ep300 and H3K4me1. Based on our current findings, we propose that Foxh1, at 

minimum, functions as a ‘passive’ pioneer factor – binding to chromatin before zygotic 

factors and possibly increasingly the rate of enhancer activation when additional factors 

become available. We are currently performing Foxh1 ChIP-seq at cleavage (32-cell) 

and beginning blastula (stage 7, ~256 cells) stage emrbyso to examine the global extent 

of Foxh1 bookmarking. 
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However, a few important questions remain regarding the functions of Foxh1 and 

those functions vis-à-vis the definition of a pioneer factor. Foxa was later shown to uses 

its ‘winged-helix’ forkhead binding domain to bind target sites on nucleosomes, similar 

to the structure of linker histone (Cirillo et al. 1998; Clark et al., 1993). Therefore, 

another criteria of pioneer factors were determined to be its ability to bind target sites in 

condensed chromatin (reviewed in Zaret and Carroll, 2011). However, the vast majority 

of experiments investigating Foxa binding to nucleosomes were performed using in vitro 

assembled nucleosomes (Crillio et al., 1998) and artificial nucleosome arrays (Crillio et 

al., 2002), as these details have been difficult to study in vivo. As my work has focused 

on the in vivo binding events of Foxh1, I admit that I have not been able to definitively 

show that Foxh1 binds condensed chromatin. A key challenge is the lack of 

understanding of the chromatin landscape in early embryogenesis. The Xenopus oocyte 

is transcriptionally active (Brown and Littna, 1964), as it accumulates the necessary 

RNA and protein needed for early development, whereas the genome in the egg and 

early embryo remain in a repressed state until ZGA at the MBT (Newport and Kirschner, 

1982a,b). Indicating that early embryonic chromatin is condensed are findings from 

Landsberger and Wolffe (1997), which revealed that nucleosome density increases in 

the maturing oocyte, and from Veenstra et al. (1999) which revealed that this 

condensed chromatin is maintained in the early embryo. Additionally, histones of the 

early embryonic genome are generally unmodified (reviewed in Bogdanovic et al., 

2011). My work has demonstrated that Foxh1 binding in cleavage stage embryos 

significantly precedes Ep300 and H3K4me1 recruitment (marks of active enhancers). 

Preliminary ChIP-qPCR experiments confirm a lack of H3K4me1 enrichment in stage 6 
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(cleavage) and stage 7 (beginning blastula) embryos (R.M.C, data not shown), and 

future work will investigate additional modifications such as the active mark H3K27ac. 

Therefore, I believe that Foxh1 is binding these enhancers when they are inactive. 

Taken together, I therefore propose that the in vivo identification of Foxh1 genomic 

occupancy in cleavage stage embryos represents binding in condensed chromatin, and 

therefore satisfies this criterion of a pioneer factor. Future work will be necessary to 

tease out the specific interactions between Foxh1 and early embryonic chromatin. In 

particular, it will be necessary to investigate the pre-ZGA chromatin landscape – a 

challenging endeavor due to low DNA content – and the accessibility of chromatin 

specifically at Foxh1 occupied regions via analysis of DNA hypersensitivity (e.g. ATAC-

seq). 

In addition, work using in vitro assembled nucleosomes has implicated Foxa in 

the generation of local regions of open chromatin, which is mediated through Foxa’s C-

terminal domain (Cirillo et al. 2002). This function is a hallmark of ‘active’ pioneer factors 

(reviewed in Zaret and Carroll, 2011), and we do not yet know whether Foxh1 binding 

affects the chromatin structure or epigenetic landscape. ChIP-seq experiments 

investigating H3K4me1 enrichment in Foxh1 morphants did not reveal any changes 

when Foxh1 was knocked down (R.M.C, data not shown), despite Foxh1 binding 

preceding the enrichment of the modification in wild type embryos. Possibly, however, 

this negative result is due to an incomplete knock down of Foxh1 (see below). It will be 

necessary to investigate whether Foxh1 binding is necessary for the enrichment of other 

histone modifications or co-activators (e.g. Ep300), and/or whether, like Foxa, Foxh1 
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binding is necessary for the generation of hypersensitive regions. Our lab is currently 

investigating this latter question through ATAC-seq. 

Our work highlights the dual role of Foxh1 as both an activator and a repressor, 

and I note recent findings implicating pioneer factors in the repression of transcriptional 

programs. Like Foxh1, the pioneer factor Foxa has the ability to interact with the co-

repressor Tle. In vitro nucleosome arrays reveal that Foxa1 interacts with Tle3 (Grg3) 

and causes the formation of closed chromatin (Sekiya and Zaret, 2007). Interestingly, 

the authors found that only the combination of sequence-specific TFs and Tle3 resulted 

in protected chromatin, despite their finding that Tle3 tetramers alone bind to chromatin. 

Consistent with these findings, recent reports in adult mouse liver identify Foxa2 bound 

sites near genes that are silent (Watts et al., 2011). In light of these findings, it is critical 

to investigate the repressive mechanism of the Foxh1/Tle complex.  

Finally, in addition to Foxa, Drosophila’s zelda (zld, also known as vielfaltig), 

which encodes a zinc-finger protein, is another characterized pioneer factor. ChIP-seq 

revealed that Zld binds to thousands of regions prior to the maternal-to-zygtoic transition 

(MZT), and in vivo hypersensitivity assays implicated Zld in the generation of local 

regions of open chromatin (Liang et al. 2008; Harrison et al. 2011, Schulz et al., 2015; 

Sun et al., 2015). We were struck by Zld’s broad binding patterns, which are similar to 

Foxh1 in Xenopus. However, there is no sequence homology between Zld and Foxh1. 

In additions, Zld equivalent genes have not been identified outside of arthropods, raising 

the question as to what would be an equivalent factor in other organisms if a similar 

mechanism operates. Recent work in zebrafish finds that Pou5f1 (Oct4) primes zygotic 

genes for activation at the MBT by occupying SOX-POU sites, suggesting that Pou5f1 
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plays functions analogous to Zld (Leichsenring et al., 2013). Lee et al. (2013) further 

implicate SoxB1 TFs and Nanog in this process. Interestingly, we found that the vast 

majority (~97%) of Foxh1 bound regions occur only in the blastula during the time of 

ZGA, and that these blastula peaks are enriched with Sox and Pou motifs. We have 

also previously shown that Foxh1 directly interacts with Oct25, one of three Xenopus 

Pou5f1 homologues (Chiu et al., 2014), and co-regulates the expression of Nodal 

targets. In Xenopus, it has been proposed that Oct25 inhibits Activin/Nodal signaling 

(Cao et al., 2006; Cao et al., 2008), and the findings in Chiu et al. (2014) indicate that 

Oct25 and Foxh1 play antagonistic regulatory functions in stage 9 blastula embryos. Of 

the three Xenopus Oct4 homologues – Oct25, Oct60 and Oct91 – Oct60 mRNA is the 

most abundant in the egg and throughout cleavage stages (Owens et al., 2016). While 

oct25 is indeed expressed maternally, pre-MBT levels are low and transcripts appear to 

significantly accumulate at the MBT. Therefore, it will be necessary to investigate the 

potential interactions of Foxh1 and Oct60 in the regulation of ZGA. Combinatorial 

depletion of these factors, possibly through MO injection but also through CRISPR-

cas9, will be important. In addition, an unbiased assessment of Foxh1 protein partners, 

possibly through mass-spectrometry analysis, could help shed light on potential protein 

complexes. Taken together, our data proposes an interplay among Foxh1, Sox and Pou 

TFs. 

 

Is Foxh1 occupancy required for co-factor binding? 

We have shown that Foxh1 binding precedes the enrichment of Smad2/3 and zygotic 

Foxa. This finding begs the intriguing question of whether Foxh1 binding is required for 
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later co-factor binding. The DNA binding affinity of Smad2/3 is thought to be weak, and 

therefore stabilized by the additional binding of co-factors. Our finding that Foxh1 can 

bind DNA in the absence of Nodal signaling suggests a mechanism whereby Foxh1 

bookmarks the enhancer and recruits Smad2/3 to activate Nodal signaling targets. 

However, through in vitro EMSA experiments, it has also been suggested that the co-

Smad4 is important for the stability of the ‘Activin response factor’ (ARF) complex, 

including Foxh1 and Smad2 (Chen et al., 1997). The future investigation of endogenous 

Smad2/3 binding in Foxh1-depeleted embryos will shed light on the interaction between 

Nodal signaling transcriptional mediators. 

Our work also proposes the cooperation between maternal Foxh1 and zygotic 

Foxa. It will also be important to investigate the extent to which Foxh1 is required for 

Foxa binding, and how this co-binding is important in the regulation of endodermal 

genes. A complete analysis of Foxa binding in the presence and absence of Foxh1 is 

required, as well as the identification of Foxa direct target genes through ChIP and LOF 

assays. As discussed above, Foxh1 may play both active and passive pioneering 

functions. If Foxh1 actively primes chromatin – thereby affecting enhancer accessibility 

– it is possible that Foxa binding would be delayed or inhibited. However, the pioneering 

nature of Foxa itself may allow for binding, despite the absence of Foxh1. In further 

understanding the endodermal GRN, the interplay between these factors in the 

regulation of endoderm target genes should also be investigated. This experiment will 

require the combinatorial knock down of both TFs. 
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Challenges facing the investigation of early Foxh1 functions 

There are two major difficulties in examining in vivo Foxh1 binding, and in particular how 

it relates to co-factor binding, epigenetics, and chromatin accessibility. The first is the 

potential cellular heterogeneity of the embryo, particularly as germ layer specification 

proceeds. Work by Akkers et al. (2009) demonstrated how a closer analysis of histone 

modifications using sequential ChIP and dissected embryo fragment reveals new 

patterns. When ChIP-qPCR was performed on whole embryos, they identified a set of 

genes that appeared ‘bivalently’ marked with both H3K4me3 (active) and H3K27me3 

(repressive) – a state that has been reported in embryonic stem cells and is thought to 

poise genes for later transcriptional activation. Further analysis using sequential ChIP, 

however, revealed that these modifications did not occur in the same cell, and therefore, 

are likely being used to mark promoters in a spatial context. Akkers et al. (2009) went 

on to show that, while whole embryo ChIP revealed H3K27me3 association with 

vegetal-specific genes, this mark is only enriched in the animal tissue. These results are 

also consistent with findings from Yasuoka et al. (2014), where the authors used 

dissected dorsal and ventral embryo halves to identify spatial specific enrichment of Tle 

at head organizer CRMs. Therefore, a thorough examination of Foxh1 binding, 

enrichment of histone modifications, and chromatin accessibility should include a spatial 

component. The ability to obtain large quantities of embryos than can be manipulated is 

a powerful component of using Xenopus as a model system; however, the ability to 

obtain large enough quantities of immunoprecipitated DNA, particularly for TF binding, 

remains challenging. However, the improvement of high-throughput sequencing 
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technologies – and, in particular, new protocols for the use of low quantities of input 

material – will allow these questions to be investigated in the future. 

The second challenge is our ability to completely knock out maternal Foxh1 

protein. Previously, two methods were used to knock down Foxh1. Kofron et al. (2004) 

utilized the Xenopus maternal host transfer technique to inject an antisense Foxh1 oligo 

into mature oocytes. The authors reported an 80-90% reduction of Foxh1 mRNA in the 

resulting embryos. Our lab and others (Howell et al., 2004; Chiu et al., 2014) have 

utilized the post fertilization injection of a translation blocking MO against foxh1. 

Western blot analysis on control and MO-injected embryos revealed significantly 

reduced Foxh1 protein in 32-cell stage embryos, and no detectable protein by the 

beginning of gastrulation (Chiu et al., 2014). Therefore, while the MO injection is highly 

effective in knocking down Foxh1 protein, the protein is not completely abolished. To 

circumvent this problem, we have utilized the CRISPR-Cas9 system in Xenopus 

tropicalis (Blitz et al., 2013; Nakayama et al., 2013) to knock out maternal Foxh1. We 

have generated F0 females containing frame shift mutations in the foxh1 transcription 

start site, and western blot analysis reveals no detectable Foxh1 protein in cleavage 

stage embryos compared to sibling controls (M.B.F., J.C., R.M.C., unpublished data). 

Embryos resulting from these eggs will be a crucial tool in the further investigation into 

the early functions of Foxh1, as they allow us to generate thousands of Foxh1 null 

embryos.  

In conclusion, my dissertation work has revealed a complex function for maternal 

Foxh1 in bookmarking enhancers prior to their activation, and proposes context-specific 

mechanisms through which Foxh1 functions as both an activator and repressor to 
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regulate target gene expression through both time and space (Figure 4.1). This work, 

and the proposed future directions discussed in this chapter, will have crucial impacts 

on our understanding of the transcriptional control of early acting gene regulatory 

networks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

139



 

 

Figure 4.1 Proposed model of Foxh1 bookmarking of mesendoderm CRMs. I 
propose that Foxh1 bookmarks mesendodermal CRMs in pre-MBT embryos, possibly in 
conjunction with Tle and Pou/Sox factors. At the onset of zygotic gene activation, Foxh1 
functions in a context-dependent fashion by either recruiting Smad2/3 and zygotic TFs 
to enhancers for activation, or maintaining the repression of genes via continual Tle 
interactions. 
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