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Abstract 
 

A Tail of Two Signaling Pathways; How Xenopus Patterns its Posterior 
 

By  
 

Rachel Ann Sozzi Kjolby  
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Richard M. Harland, Chair  
 

 
The development of multicellular organisms relies on extracellular signaling pathways regulating 
the patterning and specification of tissues, with the same pathway often being deployed to serve 
many different functions. The development of Xenopus laevis has served as a classic model for 
identifying context specific transcriptional targets of signaling pathways and the regulatory loci 
responsible for their precise expression. The focus of this dissertation was to understand the 
regulation of the Wnt/b-catenin transcriptional target genes such that the correct patterns of 
expression are formed during gastrulation. During gastrulation Wnt, along with FGF, function to 
form the anterior to posterior axis of the embryo by inducing expression of target genes 
necessary for posterior identity. Target genes of the Wnt signaling pathway during gastrulation 
are not the same as those induced at early and later times and in addition, form different patterns. 
I begin in Chapter I by summarizing the early inductive events during Xenopus development that 
form the proper tissues for Wnt to act on as well as provide an overview of our current 
understanding of gene regulation and methods used to discover gene regulatory networks. In 
Chapter II, I explain the methods used in my dissertation. Then in Chapter III, I identify direct 
transcriptional targets of the Wnt signaling pathway. I found that this set of target genes are 
expressed around the blastopore during gastrulation, contain b-catenin bound regions within 
50kb of the gene, and are reduced in expression as a result of Wnt signaling knockdown. Next, in 
Chapter IV, I focus on two transcription factors, Sox2 and Zic1/2/3, to explore whether they are 
co-regulating a subset of Wnt target genes to provide context dependent activation. Lastly, in 
Chapter V, I aim to understand if FGF directly posteriorizes the embryos by activating either all 
or a subset of Wnt target genes identified in Chapter III. I found that FGF directly regulates all 
Wnt target genes during gastrulation. In addition, I found b-catenin preferentially binds at the 
promoter of a subset of genes and that negative regulation in the absence of Wnt signaling may 
be responsible for the expression patterns of this subset of genes. Together, these results reveal 
the complex mechanisms of gene regulation that are necessary to insure the precise expression of 
Wnt and FGF target genes such that they form the anterior to posterior axis.   
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CHAPTER 1  
 

General Introduction  
 
 
1. Establishing competence groups and the body axes 

As a single fertilized zygote undergoes a series of rapid cell divisions to form a hollow blastula, 
two major events must happen to ensure proper development. The three germ layers, the 
ectoderm, mesoderm, and endoderm are formed such that three distinct competence groups 
provide the raw material of morphogenesis and tissue differentiation. At the same time, 
dorsoventral axis specification imposes a second level of organization on these tissues, imposing 
specific dorsal and ventral fates. Early work in the field focused on understanding induction 
events by specific regions of the embryo while modern work has identified the underlying 
molecular players involved and how they are regulated.  

1.1 Formation of the competence groups  

Early inductions lead to the formation and patterning of the mesoderm in the equatorial region of 
the embryo. Decades ago it was shown that the vegetal third of the embryo had the ability to 
induce mesoderm in adjacent tissue. By transplanting the animal region of the embryo, which 
would normally form only ectoderm, onto the vegetal mass, it was demonstrated that mesoderm 
would be induced at the intersection of the two tissues (Nieuwkoop, 1985). The first candidates 
for this induction were found by culturing animal explants with purified mammalian growth 
factors and assessing mesoderm induction by expression of cardiac actin, an early marker for 
muscle formation, (Kimelman & Kirschner, 1987). Adding Activin protein to animal explants 
induced various mesodermal markers while blocking the activity of Activin using dominant-
negative receptors blocked mesoderm induction, providing convincing evidence of a role for 
Activin, or a related molecule, acting through Activin receptors, in mesoderm induction 
(Hemmati-Brivanlou & Melton, 1992). More specifically, maternal VegT deposited in the 
vegetal third of the embryo, activates transcription of Nodal genes, which encode ligands that 
signal through the same Activin receptors (Kofron et al., 1999). Thus, the vegetal part of the 
embryo becomes endoderm by combination of VegT and Nodal signaling, the adjacent tissue, 
lacking VegT forms the equatorial mesoderm, and the animal third of the embryo, in the absence 
of VegT and Nodals is able to develop into ectoderm.  

1.2 The Organizer 

The Nieuwkoop center is a region of blastula cells secreting maternal signals that have been 
transported there in the first cell cycle from the vegetal pole along microtubules aligned by 
cortical rotation (Nieuwkoop, 1985). This results in stabilization of b-catenin on the prospective 
dorsal side of the embryo (Yost et al., 1996). The organizer is subsequently specified by a 
combination of the general mesoderm inducer, Nodals, along with b-catenin which together 
poise genes for activation at the midblastula transition. Most zygotic expression doesn’t begin 
until after the midblastula transition (MBT) (Newport & Kirschner, 1982; J. Yang, Tan, Darken, 
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Wilson, & Klein, 2002), therefore b-catenin marks genes, such as siamois and twin, before the 
onset of their expression (Brannon, Gomperts, Sumoy, Moon, & Kimelman, 1997; Nishita et al., 
2000) by recruiting an arginine methyl-transferase, Prmt2 (Blythe, Cha, Tadjuidje, Heasman, & 
Klein, 2010). Prmt2 asymmetrically dimethylates H3 arginine 8 (R8) which allows for 
synchronous transcriptional response after MBT (Blythe et al., 2010). Among the transcriptional 
responses at the blastula and gastrula stage, the organizer begins secreting a variety of zygotic 
proteins. Some of these proteins are BMP ligand antagonists such that BMP signaling is 
inhibited from the dorsal side of the embryo so that ectoderm can become neural, mesoderm can 
become dorsal and endoderm can become anterior gut, thus establishing a dorsal-ventral axis to 
the embryo (reviewed in (Harland & Gerhart, 1997)). 

1.3 Gastrulation  

Mesoderm induction is followed by the complex process of gastrulation, a morphological event 
that transforms the Xenopus embryo from a ball of cells into an elongated tadpole with anterior-
posterior axes (Bauer, Huang, & Moody, 1994; Kofron et al., 1999; Nieuwkoop, 1985). The 
movements of gastrulation also rearrange the single-layered blastula into a triple-layered embryo 
whereby the endoderm is on the inside of the embryo surrounded by the ectoderm and the 
mesoderm in between (Nieuwkoop, 1985). In addition to the complex movements of 
gastrulation, many patterning events takes place during this time of development.  

1.3.1 Mesoderm maintenance and patterning by Wnt and FGF 

The Nodal family of signaling ligands is involved in mesodermal induction, however continued 
signaling is necessary to insure proper patterning of the mesoderm to form the many tissue types 
derived from this competence group. In addition to TGF-b signaling, FGF can induced 
mesoderm and is additionally needed for mesodermal maintenance of both ventral and dorsal 
type (reviewed in (Harland & Gerhart, 1997)). Wnt8 and BMP signaling, excluded from the 
dorsal mesoderm are necessary for gene expression and patterning of the ventral and lateral 
mesoderm (Hoppler & Moon, 1998).  

The roles of FGF signaling in mesoderm induction and maintenance may be separable events 
(Fletcher & Harland, 2008). FGF plays a critical role in mesoderm induction that occurs before 
gastrulation (Amaya, Stein, Musci, & Kirschner, 1993). Expression of dominant negative FGF 
receptors produce embryos that are selectively defective in the formation of posterior structures 
and expression of early mesodermal markers such as brachyury (Amaya et al., 1993; Amaya, 
Musci, & Kirschner, 1991). Additionally, FGF8b is a robust inducer of mesodermal cell fate in 
explants and in whole embryos (Fletcher, Baker, & Harland, 2006). FGF signaling is also 
important for mesodermal maintenance as inhibition of FGF signaling prevents continued 
expression of mesodermal genes such as brachyury in response to TGF-b signaling (Schulte-
Merker & Smith, 1995). To test this, FGF was inhibited after the midblastula transition by use of 
a CMV promoter driving the expression of the dominant negative FGF receptor (Kroll & Amaya, 
1996). Therefore, FGF signaling may provide a permissive environment in which TGF-b 
signaling can have full effect (LaBonne & Whitman, 1994). However, FGF does not appear to 
have a patterning effect on the mesoderm and it is important for maintenance of both dorsal and 
ventral mesoderm (Amaya et al., 1993; Kroll & Amaya, 1996).  
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Wnt8, expressed around the blastopore, but excluded from the organizer, is involved in 
patterning the lateral and ventral mesoderm. Wnt8 expression is induced by BMP2/4, also 
expressed in the ventral and lateral mesoderm (Dale, Howes, Price, & Smith, 1992). BMP can 
rescue wnt8 expression in LiCl dorsalized embryos and expression of a dominant negative BMP 
receptor abolishes wnt8 expression (Hoppler & Moon, 1998; Marom, Fainsod, & Steinbeisser, 
1999). Expression of goosecoid in the organizer leads to a repression of wnt8 in these cells (Yao 
& Kessler, 2001). Injection of wnt8 expressed from a plasmid, and therefore acting at the late 
blastula and gastrula stage, ventralizes the fate of dorsal mesoderm (Christian & Moon, 1993) by 
controlling expression of genes involved in specifying ventral and somitic mesoderm (Hoppler, 
Brown, & Moon, 1996). For example, Wnt signaling in the paraxial mesoderm regulates the 
expression of the myogenic gene, myf5 to regulate the formation of the somites (Shi, Bourdelas, 
Umbhauer, & Boucaut, 2002) and together with BMP signaling activates genes important for 
development of the ventral mesoderm such as xpo (Hoppler et al., 1996; Hoppler & Moon, 
1998).  

1.3.2 Neural patterning  

Neural induction and subsequent patterning is a result of a “two-step” process involving BMP 
inhibition in the ectoderm competence group followed by regional patterning by several key 
signaling pathways. At the start of gastrulation, the head mesoderm tissue of the organizer is the 
first to involute and expresses BMP antagonists such as noggin, chordin, and follistatin, in 
addition to Wnt antagonists (De Robertis & Kuroda, 2004; Khokha, Yeh, Grammer, & Harland, 
2005; W. C. Smith & Harland, 1992). The initial “activation” of the ectoderm to form anterior 
neural tissue is a result of these antagonists inhibiting the ventralizing BMP signal (Harland & 
Gerhart, 1997). In the absence of further signaling, this neural tissue will have anterior character, 
expressing genes found in the most anterior territories. Following the head mesoderm, the trunk-
tail inducing mesoderm involutes and comes into contact with the most posterior dorsal neural 
plate region, which will become midbrain, hindbrain, and spinal cord. Signals such as FGF and 
RA derive from this region and are capable of posteriorizing neural tissue (Blumberg et al., 
1997; Gamse & Sive, 2000; Kudoh, Wilson, & Dawid, 2002; Lamb & Harland, 1995; 
Nieuwkoop & Albers, 1990; Sive, Hattori, & Weintraub, 1989; Slack & Tannahill, 1992). More 
lateral to this region, is the future paraxial mesoderm, which is the source of the third 
posteriorizing signal, Wnt (Gamse & Sive, 2000; Kiecker & Niehrs, 2001; McGrew, Lai, & 
Moon, 1995). While the role of FGF and RA in posteriorizing the neural plate is significant, the 
FGF signaling pathway may act upstream of or in concert with Wnt and RA signaling cannot 
explain the entire anterior-posterior (AP) pattern (Blumberg et al., 1997; Hendrickx, Van, & 
Leyns, 2009).  

Analysis of Wnt overexpression and knockdown experiments has led to the hypothesis that a 
gradient of Wnt signaling along the AP axis is responsible for inducing different neural markers 
(reviewed in (Niehrs, 2004)). Multiple Wnts such as Wnt3a and Wnt8, are expressed in the 
ventral and paraxial mesoderm of the late gastrula/early neurula embryo (Gamse & Sive, 2000; 
Kiecker & Niehrs, 2001; McGrew et al., 1995). When neuralized animal caps are exposed to 
increasing concentrations of Wnt8 protein, they express markers of increasing posterior identity 
(Kiecker & Niehrs, 2001) and in addition, others have shown a gradient of the downstream 
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transcriptional activator, β-catenin, in the nucleus (Kiecker & Niehrs, 2001; Schohl & Fagotto, 
2002).  

In addition to Wnt signaling, FGF is involved in posterior patterning of the neurectoderm. 
During the early stages of gastrulation, FGF is expressed in the dorsal involuting mesoderm and 
comes into contact with the overlaying neurectoderm (Cox & Hemmati-Brivanlou, 1995; 
Kengaku & Okamoto, 1995). In neuralized animal explants, the addition of FGF signaling 
induces expression of posterior neural markers (Cox & Hemmati-Brivanlou, 1995; Lamb & 
Harland, 1995; Ribisi et al., 2000) and inhibition of FGF in whole embryos prevents formation 
and patterning of posterior neural tissue (Christen & Slack, 1997; Dorey & Amaya, 2010; 
Fletcher et al., 2006). 

1.3.3 Neural Crest  

The neural crest is a multipotent population of cells induced at the border of the neural plate and 
the epidermis during gastrulation. Cells induced in this region will form many different cell types 
ranging from migratory pigment cells to the cells that form the cartilage of the face. With the 
right amount of BMP inhibition and Wnt and FGF activation, ectodermal explants can be 
induced to express markers of the neural crest (LaBonne & Bronner-Fraser, 1998). It has also 
been extensively shown that Wnt and FGF contribute endogenously to form the neural crest in 
vivo and sit on top of a hierarchical gene regulatory network (reviewed in (Simões-Costa & 
Bronner, 2015)).  

It was agreed that both Wnt and FGF contribute to the development of the neural crest, however 
there was controversy about whether FGF directly activates expression of target genes or rather 
indirectly induces the expression of Wnt (Hong, Park, & Saint-Jeannet, 2008). Wnt8 can restore 
the expression of neural crest markers in FGF depleted embryos, however FGF cannot restore 
the expression of markers in Wnt8 depleted embryos (Hong et al., 2008). This data suggests that 
FGF does not contribute directly to the activation of neural crest genes, however there are 
alternative hypothesis to explain these results without eliminating the possibility that both Wnt 
and FGF contribute directly. For example, expression of two genes important for neural crest 
development, zic3 and pax3, depend on multiple enhancers responding to Wnt and FGF 
signaling (Garnett, Square, & Medeiros, 2012). This suggests a directly contribution of FGF 
signaling and argues that testing regulatory DNA is a more direct means to solidifying gene 
regulatory networks.  

2. Gene regulation in the developing embryo  

Throughout the development of an organism, signaling pathways are deployed multiple times to 
achieve different outcomes. However, stage specific target genes must be activated to produce 
specific outcomes. One way to accomplish this is through context dependent regulation of target 
genes, involving combinatorial regulation at the level of cis-regulatory elements such as 
enhancers and promoters. Transcriptional enhancers, canonically defined as short (100-1,000bp) 
noncoding DNA elements, are the primary determinant of cell type specific gene expression and 
regulate spatiotemporal domains of gene expression over long genomic distances (reviewed in 
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(Long, Prescott, & Wysocka, 2016)). How an enhancer determines when and where a gene is 
turned on may depend on several factors such as the combination of transcription factor (TF) 
binding motifs, the grammar of TF motifs and epigenetic context. Today there are many tools 
available to identify both what the target genes are of different signaling pathways as well as the 
enhancers that control target gene expression.  

2.1 The regulatory landscape  

The regulatory landscape of a gene describes the collection of regulatory elements such as 
enhancers, silencers and insulators as well as the epigenetic context of each. Zooming in on these 
elements at the individual base pair resolution reveals the contribution of the order, spacing and 
number of transcription factor binding sites required for proper function. It is the collection of all 
these regulatory elements that ultimately determine at the whole organism level, when and where 
an individual gene will be expressed.  

2.1.1 Enhancer grammar 

The enhancer grammar refers to the type, binding affinity, number, spacing, orientation, and 
order of transcription factors present. With the roughly 1500 transcription factors present in most 
eukaryotic genomes (Vaquerizas, Kummerfeld, Teichmann, & Luscombe, 2009) there is a need 
to modify the mode of regulation to achieve the diversity in gene regulation of the nearly 30,000 
genes.  

There are two main models to describe the composition of enhancers; the enhanceosome and the 
billboard model. While both models agree that most functional enhancers are composed of 
concentrated clusters of transcription factor recognition motifs, the two models differ in how the 
enhancers are composed. The enhanceosome model proposes that there is a strict and rigid motif 
organization and spacing required for function. The billboard model on the other hand proposes 
that the presence of specific sets of transcription factors is more important than the defined order 
or orientation of the underlying motifs (reviewed in (Long et al., 2016)).  

There is evidence to support both the enhanceosome and the billboard model. During Ciona 
development, it was shown that there are multiple tiers of enhancer suboptimization to produce 
specific patterns of expression such that the highest affinity sites had suboptimal spacing and the 
lowest affinity sites had optimal spacing (Farley et al., 2015; Farley, Olson, Zhang, Rokhsar, & 
Levine, 2016). This would argue for the enhanceosome model whereby spacing and organization 
of motifs is required. However, there is conflicting evidence from a screen of 5,000 synthetic 
regulatory elements containing 12 liver-specific transcription factor binding sites assayed in mice 
and HepG2 cells (R. P. Smith et al., 2013). Here, the authors find the identity of the transcription 
factors in the elements was more important that the spacing between the sites suggesting a 
flexible model of regulatory element activity similar to the billboard model (R. P. Smith et al., 
2013).  
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2.1.2 Epigenetic context 

The epigenetic context, referring to the DNA methylation state, nucleosome positioning and 
histone modifications of regulatory elements can influence whether a transcription factor can 
bind to DNA and activate gene expression. For example, promoters of stably expressed genes are 
usually associated with histone H3, lysine 4, trimethylation (H3K4me3) while poised but 
inactivate promoters are associated with H3K27me3 in addition to H3K4me3 (Harr, Gonzalez-
Sandoval, & Gasser, 2016). Active enhancers have low nucleosomal density as well as 
H3K4me1 and H3K27ac while poised enhancers are distinguished by the absence of H3K27ac 
and enriched for H3K27me3 (Rada-Iglesias et al., 2010). Approximately 60 different residues 
have been identified as potential sites for modification creating a complex “histone code” that 
can greatly influence whether a transcription factor can bind and thus activate gene expression 
(Kouzarides, 2007). 

Tissue specific transcription factors may not be able to access their DNA biding site if the 
chromatin in condensed and therefore, a “pioneer” transcription factor is often needed to 
establish competence. They can actively open the local chromatin and directly make it available 
for other factors to bind. For example, using nucleosomal mapping and liver specific knockouts 
of FoxA2, investigators demonstrated that FoxA is used in embryonic development to displace 
linker histone H1 at liver specific enhancers. This results in forming accessible regions for liver 
specific transcription factors to bind (Iwafuchi-Doi et al., 2016).  

2.1.3 Topologically Associated Domains 

Topologically Associated Domains (TADs) refer to large regions in the genome that have high 
levels of chromatin interactions. These regions are interspersed with genomic regions with fewer 
interactions (Pombo & Dillon, 2015). Often these regions limit the genomic search space within 
which enhancers can act and can restrict enhancer activity to a specific region to prevent ectopic 
enhancer-promoter interactions between different TADs (Doyle, Fudenberg, Imakaev, & Mirny, 
2014). For example, distruption of the TAD at the shh locus prevented regulatory contact of the 
shh enhancer (ZRS) to the promoter of shh. This provides evidence that TADs ensure high 
contact frequency between distant elements by counteracting the effect of genomic distances 
(Symmons et al., 2016).  

2.1.4 Co-regulation 

Functional enhancers are composed of clusters of transcription factor binding sties and in general 
enhancer activation requires the binding of multiple transcription factors (Long et al., 2016; Spitz 
& Furlong, 2012). Transcription factors can cooperate with each other by direct physical 
interactions to facilitate binding and to form large transcriptional complexes with the goal of 
recruiting RNA polymerase and associated factors to the transcriptional start site of genes (Long 
et al., 2016). In addition, the cooperative binding of multiple factors is thought to be useful in 
overcoming the energetic barrier of nucleosome eviction (reviewed in (Long et al., 2016)). 

There are many examples of co-regulation of target genes at enhancers during development. The 
T-box proteins, Brachyury, Eomesodermin, and VegT are all recruited to the same genomic sites 
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to activate genes involved in stem cell maintenance and mesoderm formation (Gentsch et al., 
2013). The combination of ChIP and transcriptional profiling identified co-regulation of direct 
target genes shared between Six2 and b-catenin within nephron progenitors (J.-S. Park et al., 
2012) and co-regulation of direct target genes is shared between Foxh1 and Smad2/3 during 
mesendoderm development (Chiu et al., 2014).  

2.2 Identifying regulatory DNA 

Genome-wide methodologies are commonly used today to identify and annotate regulatory 
elements in the genomes of many different organisms. Understanding what units of the genome 
are controlling gene expression can give us a better idea for how mutations in our non-coding 
DNA can cause disease. Enhancers, originally defined as cis-acting DNA sequences that increase 
transcription in a manner independent of orientation and distance to the transcriptional start site 
(Blackwood & Kadonaga, 1998), were identified and validated by the ability to activate a 
reporter gene as well as the ability of a transcription factor to bind to the region (Maston, Landt, 
Snyder, & Green, 2012). Today there are several different genome-wide approaches, often used 
in combination, to identify and validate enhancers such as computational approaches and 
sequence-based approaches.  

2.2.1 The computational approach  

Early computational models were developed to identify enhancer elements largely based on 
evolutionary constraints. Models were developed to calculate conservation scores by comparing 
sequences of different species (Prabhakar et al., 2006; C. Wang, Zhang, & Zhang, 2013). 
However, conservation by itself is not sufficient to predict cell-type specific enhancers or 
species-specific enhancers.   

Identification of transcription factor binding sites improved computational models based on 
conservation as conserved regions containing multiple transcription factor binding sites are more 
likely to be regulatory in nature. Combined with reliable annotations of genomes, databases such 
as JASPAR (Khan et al., 2017) and TRANSFAC (Wingender, Dietze, Karas, & Knüppel, 1996) 
were created to document transcription factor DNA binding motifs and can be used to improve 
models. A program termed enhancer element locator (EEL) incorporates TF affinity and 
orientation information in scoring to predict enhancer regions and was used successfully to 
identify Hedgehog and Wnt target genes (Hallikas et al., 2006).  

Current approaches have become much more sophisticated and often involve both complex 
algorithms and information on either epigenetic state or transcription factor binding sites 
identified by ChIPseq. Models that involve linear regression, neural networks, and Markov 
models such as a program called GenoSTAN may be too complex for traditional molecular 
biologists, however, have become powerful tools in enhancer identification (C. Wang et al., 
2013; Zacher et al., 2017). Today models are starting to integrate 3D chromatin structures to 
reveal principles of enhancer promoter interactions (C. Wang et al., 2013).  
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2.2.2 Sequencing based 

The improvements made in next-generation sequencing in the last decade have enabled studies 
of enhancers and their properties across the genome. Chromatin immunoprecipitation followed 
by sequencing (ChIPseq) and all of the various spin offs of this technique such as DNase 
sequencing (DNaseseq) and ChIA-PET have allowed investigators to identify regions of the 
genome bound by either their transcription factor of choice, a variety of histone modifications 
and nucleosomal occupancy (Maston et al., 2012; Weingarten-Gabbay & Segal, 2014).  

ChIPseq allows investigators to identify regions of the genome bound either by a specific 
transcription factor or histone tail modifications. Both transcription factor binding and histone 
modifications can be predictive of enhancer or promoter activity. In the early days investigators 
could test a region of interested by ChIP followed by qPCR, however, today investigators can 
sequence immunoprecipitated DNA to produce genome-wide information.  

Spin-off techniques of ChIPseq such as ChIA-PET and Hi-C (3C, 4C, and 5C) allow 
identification of long-range interactions. ChIA-PET can produce specific information about 
transcription factor mediated interactions while chromosome conformation capture methods are 
used to make protein-independent interaction maps. Briefly, DNA is crosslinked, digested, and 
ligated prior to making sequencing libraries to capture the 3-D interactions and spatial 
organization of the chromatin. ChIA-PET techniques additionally precipitate out specific 
interactions bound by a protein of interest. The advantage of these approaches is that they 
identify not only the regulatory element itself, but also its target gene since enhancer-promoter 
interactions are captured (Maston et al., 2012). 

Other commonly used techniques today are DNase sequencing (DNaseseq), micrococcal 
nuclease sequencing (MNaseseq), and assay for transposase-accessible chromatin using 
sequencing (ATAC-seq) whereby accessible DNA is either subjected to cleavage, digestion or 
direct transposase adapter ligation respectively (Chatterjee & Ahituv, 2017). However, DNA 
accessibility of enhancers does not quantitatively reflect their activity and thus a combination of 
one of these techniques and epigenetic profiling will more accurately predict active enhancers 
(Catarino & Stark, 2018).  

There have been several efforts to collectively map and annotate functional elements of the 
human genome. The ENCODE Consortium has mapped TF biding, histone modifications, 
DNaseI sites, DNA methylation patterns, and chromosome interaction maps in an effort to 
identify all function elements of the human genome (ENCODE Project Consortium, 2012). 
Another project called the Epigenome Roadmap project has additionally mapped DNA 
methylation, histone modifications, and RNA expression to establish global maps of regulatory 
elements (Roadmap Epigenomics Consortium et al., 2015) and the Functional Annotation of the 
Mammalian Genome (FANTOM) project provides a comprehensive set of expression profiles 
and annotation of cell type specific transcription start sites and active enhancers (Andersson et 
al., 2014; FANTOM Consortium and the RIKEN PMI and CLST (DGT) et al., 2014). This will 
allow researchers the ability to mine the data for specific interactions and predict disease causing 
variants found in regulatory DNA. 
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2.2.3 Experimental validation 

Just as there are many different approaches to identifying enhancers, there are many different 
ways to validate the activity of putative regulatory regions. The predictive power of 
computational approaches and epigenomic annotation identifies strong candidates, however does 
not validate the function of a predicted regulatory region. Reporter based assays such as the 
luciferase assay, enhancer trapping methods and massively parallel reporter assays aim to 
experimentally prove that a particular region or collection of regions are functional.  

In reporter-based assays, putative regulatory regions are cloned upstream of a basal promoter and 
either a luciferase, LacZ, or GFP coding gene. These constructs are either introduced as 
exogenous plasmids or can be integrated into the genome. Expression of the reporter gene is then 
measured and compared across different tissue types, developmental time points, or in response 
to signaling pathway manipulation. Results from luciferase assays are quantitative, while LacZ 
and GFP assays are more informative for studies of tissue and cell type specific gene expression.  

Testing individual putative enhancers by reporter expression can be powerful in identifying 
tissue specific enhancers, however each putative enhancer must be tested individually. In a huge 
effort by the Lawrence Berkeley National labs, investigators annotated 80,000 putative human 
heart enhancers using over 35 epigenomic data sets. Only 58 regions were tested with 22 
showing positive heart specific expression (Dickel et al., 2016) demonstrating both the need to 
validate putative regions as well as the downside of only being able to test a limited number of 
regions using this technique.  

To address the limited number of enhancers tested at a time, many high throughput experimental 
methods have been designed. One such method, termed massively parallel reporter assay 
(MPRA) uses candidate enhancers to drive expression of unique barcodes. Samples are then 
sequenced, and the abundance of each barcode reflects the amount of activity of the associated 
enhancer (reviewed in (Catarino & Stark, 2018; F. Inoue & Ahituv, 2015)). This method has 
successfully been used to test a library of around 5000 synthetic regulatory elements constructed 
with liver specific transcription factor binding sites in mice and cell culture (R. P. Smith et al., 
2013). In another study, investigators were able to dissect three enhancers at single-nucleotide 
resolution by synthesizing a library of over 100,000 mutant versions of each enhancer 
(Patwardhan et al., 2012). 

Another recently developed method to test the functionality of regulatory regions is the 
multiplexed editing regulatory assay (MERA) (Rajagopal et al., 2016). While reporter assays test 
for sufficiency of a putative regulatory region on gene expression, they do not test for necessity. 
MERA is a method developed to test for the relative importance of different elements in 
influencing native gene expression levels. This method takes advantage of the CRISPR-Cas9 
system to first knock-in GFP reporters downstream of a gene of interest and second to tile 
thousands of mutations across ~40kb of DNA to obtain quantitative information on the 
contribution of each nucleotide to gene expression (Rajagopal et al., 2016).  
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2.3 Wnt mediated gene regulation 

Activation of the Wnt signaling pathway results in the stabilization of b-catenin and activation of 
direct transcriptional target genes. Wnt binds to the transmembrane receptors, Lrp5/6 and 
Frizzled, which results in deactivation of the destruction complex that otherwise constantly 
degrades b-catenin. b-catenin is thus stabilized and translocates into the nucleus where it binds to 
the TCF/LEF family of transcription factors to activate gene expression. b-catenin competes with 
the co-repressor, Groucho, for binding to TCF/LEF in both promoters and enhancers and recruits 
many different co-activators to initiate gene expression (Figure 1.1) (Range, Venuti, & McClay, 
2005; Roose et al., 2001).  

There is only one b-catenin gene, while there are four TCF/LEF transcription factors, (tcf1, tcf3, 
tcf4, and lef1) that are additionally alternately spliced resulting in differences in the ability to 
regulate gene expression (Arce, Yokoyama, & Waterman, 2006; Cadigan & Waterman, 2012). 
For example, TCF3 serves exclusively as a transcription repressor whereas Lef1 and TCF1 are 
transcriptional activators (Houston et al., 2002; C. H. Kim et al., 2000). Zebrafish mutant for 
TCF3 lack head structures similar to a Wnt overexpression phenotype (C. H. Kim et al., 2000) 
and Xenopus embryos depleted of maternally deposited TCF3 express higher levels of Wnt/b-
catenin target genes (Houston et al., 2002) demonstrating that the loss of repression is often 
enough to activate target genes. In contrast, depletion of Lef1 in Xenopus embryos results in 
reduced levels of the Wnt/b-catenin target gene, myod (Roël et al., 2002). These results are in 
part due to the ability of the Homeodomain-Interacting Protein Kinase 2 (HIPK2) to 
phosphorylate TCF3, but not TCF1 (Hikasa & Sokol, 2011). Wnt8 activated HIPK2 
phosphorylation of TCF3 results in its removal from the DNA and replacement with the 
activatable TCF1 (Hikasa & Sokol, 2011).  

Once b-catenin is bound to TCF/LEF it must next recruit co-activators to remodel the chromatin, 
modify histone tails, and load RNA polymerase II. The C-terminal domain of b-catenin can 
recruit co-activators with many different functions. Brg-1 is a component of the mammalian 
SWI/SNF chromatin remodeling complex and overexpression of Brg-1 promotes transcriptional 
activation of TCF reporter constructs (reviewed in (Valenta:2012dz and Mosimann, Hausmann, 
& Basler, 2009)). Other chromatin remodelers and histone modifiers are the TIP60, ISWI, 
MLL1/MLL2 SET-1 type complexes. P300 and MED12, a component of the Mediator complex, 
both act as a bridge between b-catenin and the basal transcriptional machinery. P300 was found 
to co-precipitate with b-catenin and Wnt reporter activity was increased as a result of p300 
overexpression (Sun et al., 2000). 

New mechanisms for Wnt/b-catenin mediated gene activation are constantly being discovered. 
Recently, an 11bp motif was identified to suppress b-catenin target genes in a TCF/b-catenin 
dependent manner (K. Kim et al., 2017). Deletion of this motif in Xenopus broadened the dorsal 
expression of siamois and deletion in mouse stem cells elevated expression of Brachyury (K. 
Kim et al., 2017). Surprisingly, using EMSA, the authors show that this 11bp motif is bound by 
both TCF and b-catenin (K. Kim et al., 2017).  
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2.4 Wnt co-regulators  

Co-regulation of Wnt target genes allows for context dependent activation so that the same set of 
target genes are not activated every time Wnt singling is active. For example, Sp5 and Sp8 may 
directly interact with TCF/LEF to recruit b-catenin to regulatory regions of select Wnt target 
genes during gastrulation (Kennedy et al., 2016). Additionally, Smad1 and b-catenin co-occupy 
many regulatory DNA elements during specification of foregut and hindgut (Stevens et al., 
2017). It has even been suggested that b-catenin recruitment to regulatory regions may not be 
sufficient for Wnt target gene expression because while b-catenin occupies many genomic loci, 
transcriptional expression is only regulated at a subset of this regions. Thus, this suggests that 
Wnt signaling would require co-regulation by either another signaling pathway or other 
transcription factors (Nakamura, de Paiva Alves, Veenstra, & Hoppler, 2016). 

Several other transcription factors have been shown to co-regulate Wnt target genes by inhibiting 
b-catenin mediated activation. The Zic family of transcription factors can suppress Wnt/b-
catenin target gene activation by binding to the high-mobility group of TCFs to inhibit TCF/b-
catenin complex formation (Fujimi, Hatayama, & Aruga, 2012; Pourebrahim et al., 2011). There 
are also many mechanisms proposed for inhibition of Wnt target gene expression by the Sox 
family of transcription factors (Kormish, Sinner, & Zorn, 2010). Sox transcription factors contain 
a similar high mobility group to TCF and thus may compete for DNA binding. In another 
proposed mechanism sox and TCF compete for binding of b-catenin and thus decrease the 
binding of b-catenin to TCF (Kormish et al., 2010).  

2.5 FGF mediated gene regulation 

Depletion and overexpression studies of the FGF signaling pathway suggest that Wnt and FGF 
are involved in similar developmental processes ((Christen & Slack, 1997) and reviewed in (D. 
Green, Whitener, Mohanty, & Lekven, 2014)). Both are involved in caudalization of neural 
tissue (reviewed in (Niehrs, 2004)), mesodermal development (reviewed in (Harland, 2004)) and 
neural crest induction (reviewed in (Groves & LaBonne, 2014)). Therefore, FGF/ETS signaling 
is a compelling candidate for co-regulating direct Wnt/b-catenin target genes.  

The FGF signaling pathway is a receptor tyrosine kinase mediated signaling pathway and when 
the MAP kinase branch of this pathway is activated members of the ETS family of transcription 
factors are phosphorylated resulting in activation and expression of direct target genes. There are 
several different branches of this pathway, however the focus of this thesis is on the MAP kinase 
branch as direct inhibition of components of this branch results in phenotypes consistent with 
FGF pathway inhibition phenotypes (Ribisi et al., 2000; Umbhauer, Marshall, Mason, Old, & 
Smith, 1995).  

The ETS family of transcription factors, consisting of around 30 different members, are defined 
by a conserved winged helix-turn-helix DNA binding domain that binds the core consensus 
sequence GGAA/T (Hollenhorst, Shah, Hopkins, & Graves, 2007; Yordy & Muise-Helmericks, 
2000). It has been difficult to identify ETS biding sites based only on identified motifs because 
of the small DNA recognition motif. In addition, the redundant occupancy of the members of the 
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ETS transcription factors has made it difficult to assign specific functions to each of the ETS 
transcription factors (Hollenhorst et al., 2007). Therefore, the binding of ETS to regulatory DNA 
sequences is often facilitated by the binding of other transcription factors such as AP1, SRF, 
RUNX, and SP1 (Findlay, LaRue, Turner, Watson, & Watson, 2013). 

3. Goals of the thesis 

To identify target genes of a signaling pathway as well as the regulatory regions controlling their 
expression, I used information about transcription factor binding sites and expression profiling. 
Developmental stage as well as tissue type determine the context in which genes may or may not 
be activated. For example, target genes of the Wnt signaling pathway that specify the dorsal side 
of embryo are different than the target genes that posteriorize the embryo. What determines 
specific context dependent activation may be a combination of different active signaling 
pathways as well as other transcription factors being co-expressed. Understanding what genes 
are activated and how their regulatory regions integrate different signals may give us insight into 
context dependent regulation.  

The focus of this thesis is to identify both the target genes downstream of the Wnt signaling 
pathway during posterior specification of the developing Xenopus embryo as well as the gene 
regulatory mechanisms that insure the precise expression patterns necessary to strike the balance 
between anterior and posterior tissue.  
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Figure 1.1 

 

 

 

Figure 1.1 

Simplified diagrams of the Wnt/b-catenin and FGF/ETS signaling pathways. Chapter 3 focuses 
on identifying the transcriptional targets of the Wnt signaling pathway during Xenopus 
gastrulation, Chapter 4 focuses on identifying a co-regulator of the Wnt/b-catenin target genes, 
and Chapter 5 focuses on identifying co-regulated targets between the Wnt/b-catenin and 
FGF/ETS signaling pathway.  
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CHAPTER 2 
 

Materials and Methods  
 

Embryo and explant culture  
X.laevis embryos were obtained (Sive, Grainger, & Harland, 2010) and staged (Nieuwkoop & 
Faber, 1967) as described previously. All controls are uninjected controls (UC).  
 
DNA constructs and RNA synthesis  
The triple FLAG epitope tagged X. laevis β-catenin (β-catenin-3X FLAG) was generated from a 
single FLAG epitope β-catenin, described previously (Young, Kjolby, Kong, Monica, & 
Harland, 2014), using the restriction enzymes, AvrII and NotI and the double stranded 
oligonuclotide: 
GCATCCTAGGAGATTACAAGGATGACGACGATAAGGACTATAAGGACGATGATGA
CAAGGACTACAAAGATGATGACGATAAATAAGCGGCCGCAAGGCC. The sequence for 
the triple FLAG epitope is underlined, and the start of each single FLAG is in bold. 
The triple FLAG epitope tagged X. laevis Ets2 (Ets2-3X FLAG) was generated using primers for 
Ets-2 including restriction enzyme recognition sites for ClaI and AvrII (underlined): F: 
TGCAATCGATATGACAGAGTTTGGAATTCG and R: 
AATCTCCTAGGGCTTCGTCTGTGTCGGGC. ETS-2 fragment was amplified from cDNA 
and then ligated into pcs108 containing a triple FLAG epitope tag as described previously 
(Kjolby & Harland, 2016). Plasmids for synthesis of Vp16-gsc and gsc mRNA were provided 
graciously by Dan Kessler.  
Capped RNAs were synthesized using mMessage mMachine (Ambion). Dkk pCS108, β-catenin-
3X FLAG pCS108 and Ets2-3X FLAG pCS108 were digested with AscI and transcribed with 
SP6 RNA polymerase. All RNAs were injected in 5nl or 10nl bursts along with mCherry RNA to 
serve as a tracer.  
 
Whole-mount in situ hybridization  
Embryos were stained by in situ hybridization as described (Harland, 1991). Probe sequences for 
axin2, esr5, loc709, ngfr, hes6.1, tacc1, pnhd, znf703, irx3, frzd10 and ngn2 are available on 
request. For β-gal staining, embryos were collected in MEMFA for 30 min at room temperature 
and then rinsed twice with Ptween (PBS + 0.1% Tween-20). To develop the β-gal stain, embryos 
were incubated for 20 min at 37C in β-gal stain: 250ul Ferricyanide, 250ul Ferrocyanide, 125ul 
Red-Gal, 10ul 1M MgCl2, 4.365ul Ptween. Embryos for sectioning were mounted in a PBS 
solution containing 20% sucrose, 30% SNA and 4.9% gelatin, and fixed with 1.5% 
glutaraldehyde. Embedded embryos were sectioned on a Pelco 101 vibratome.  
 
FGF inhibitor Treatments  
Embryos were cultured in 75uM SU5402 (Millipore: # CAS215543-92-3) starting at stage 10 
until stage 11.5 to inhibit FGF signaling. The dose used was empirically determined as a dose 
that does not inhibit mesoderm induction but still blocks FGF signaling. 
 
Wnt reporter   
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The Wnt reporter frog has been described previously (Tran & Vleminckx, 2013). Embryos were 
obtained used standard technique. An in situ hybridization probe was generated for GFP by 
digesting pcs2 GFP plasmid with BamHI.   
 
Animal caps  
For ventralized mesodermal explants, embryos were incubated at 16C after ferlization and de-
jellied 45min post fertilization with 3% cysteine, then placed on quartz glass (Ted Pella, Inc. 
product number: 26012) and exposed to UV radiation in a UV Stratalinker 1800 turned upside 
down using the Auto Crosslink setting. For dorsalized mesodermal explants, again embryos were 
de-jellied 45min post fertilization, then placed in 0.3M LiCl solution for 6 min between 8-16 cell 
stages. Explants were cut at stage 9 from the animal region and cultured in 2ng/ml Activin 
(VWR: #10007062).  
 
Embedding and sectioning  
Fixed embryos were equilibrated into a gelatin/albumin mix overnight at 4C. 125ul of a 25% 
glutaraldehyde in H2O mix was added to 1.875ml of the gelatin/albumin mix while slowly 
vortexing. The solution was then quickly put into a sectioning mold to solidify. Once solidified, 
embryos were placed in the mold. A new mix of gelatin/albumin/glutaraldehyde was poured over 
the embryo. 200 micron sections were made on a vibratome.  
 
pERK staining  
Whole mount pERK staining was performed using a primary anti-pERK antibody (Cell 
signaling: #9101) at 1:400 followed by biotin labeled secondary anti-rabbit antibody (Invitrogen: 
#31820) at 1:3000. HRP labeled Streptavidin at 1:300 was then used to detect biotin secondary 
antibody followed by visualization with DAB.  
 
qPCR  
For quantitative PCR (qPCR) analysis cDNA was made using 1ug of total RNA using iScript 
(Bio-Rad) and reactions were amplified using a CFX96 light cycler (Bio-Rad) with 
SsoAdvanced Universal SYBR Green supermix (Bio-Rad). In all samples elongation factor 1a1 
(ef1a) was used as the internal control. Data shown is from RNA extracted from single embryos 
from 3 independent experiments (n=3). 
 
RNAseq 
100pg dkk1 mRNA was injected into all blastomeres of a 4-cell stage embryo. Total RNA was 
extracted from three single dkk-injected embryos and three single uninjected control (UC) 
embryos at stage 11.5 (mid gastrula) using Trizol (Invitrogen). Illumina TruSeq RNA sequencing 
libraries were made from single embryos resulting in a total of three libraries made from 
uninjected control (UC) embryos and three libraries made from dkk-injected embryos. Each of 
the replicate pairs (uninjected control and DKK injected) came from the same mating pair. For 
quantitative PCR (qPCR) analysis of candidate target genes, cDNA was made using 1ug of total 
RNA using iScript (Bio-Rad) and reactions were amplified using a CFX96 light cycler (Bio-Rad) 
with SsoAdvanced Universal SYBR Green supermix (Bio-Rad). Data shown is from RNA 
extracted from single embryos from 3 independent experiments (n=3). All samples were 
normalized to control embryos and elongation factor 1a1 (eef1a1) was used as internal control.  
RNAseq analysis 
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100bp paired-end sequencing reads (Illumina HiSeq2000) were aligned to the X. laevis genome 
(assembly version 9.1) using Tophat2.1.0 (Trapnell, Pachter, & Salzberg, 2009). Read counts 
were generated using htseq-count (Anders, Pyl, & Huber, 2015) and the X. laevis genome 
annotation v1.8. Differential expression (DE) analysis was performed using DESeq (Anders & 
Huber, 2010) with an adjusted p value < 0.05 and log2 fold change > 1 cutoffs. DE genes were 
analyzed for enrichment of GO terms using PANTHER GOslim (Mi, Muruganujan, & Thomas, 
2012).  
 
Chromatin Immunoprecipitation (ChIPseq) 
Chapter3: 500pg of either single-FLAG or triple-FLAG C-terminus tagged β-catenin was 
injected into both blastomeres of X. laevis embryos at the 2-cell stage. Embryos were collected at 
stage 11.5 and processed for ChIP as previously described (Blythe, Reid, Kessler, & Klein, 2009; 
Wills, Gupta, Chuong, & Baker, 2014) using an anti-FLAG antibody (Sigma F3165). 
Sequencing libraries were made from immunoprecipitates of between 200-500 embryos and 
input chromatin (chromatin before immunoprecipitation) using Illumina TruSeq ChIP prep kit 
per manufacturer’s instructions. Antibodies used in Supplemental Figure 3.3A: FLAG (Sigma 
F3165), beta Actin (GeneTex GT5512).  
Chapter 5: 750pg of triple-FLAG C-terminus tagged Ets2 was injected into both blastomeres of 
X. laevis embryos at the 2-cell stage. Embryos were collected at stage 11.5 and processed for 
ChIP as previously described (Blythe et al., 2009; Wills et al., 2014) using an anti-FLAG 
antibody (Sigma F3165). Sequencing libraries were made from immunoprecipitates of between 
200-500 embryos and input chromatin (chromatin before immunoprecipitation) using Illumina 
TruSeq ChIP prep kit per manufacturer’s instructions. Libraries were made by the UC Berkeley 
Functional Genomics Laboratory and sequenced by the UC Berkeley Vincent J. Coates 
Genomics Sequencing Laboratory.  
Antibodies used in Supplemental Figure 5.3A: FLAG (Sigma F3165), beta Actin (GeneTex 
GT5512).  
 
ChIPseq analysis 
Chapter3: 50 bp single-end sequencing reads were aligned to the X. laevis genome (assembly 
version 9.1) using bowtie2. Peaks were called using both MACS (Y. Zhang et al., 2008) and 
Homer (Heinz et al., 2010). Final peaks were taken as those called by both peak callers and the 
common peaks reported in Figure 3.2 were significant in each of the three replicate experiments. 
Peaks and read pile-ups were visualized with Integrative Genomics Viewer (IGV) (Robinson et 
al., 2011). De novo motif analysis was performed with MEMEchip (Machanick & Bailey, 2011). 
Distance from peak to transcription start site was calculated using closestBed and randomized 
sample was made using shuffleBed from the bedtools suite (Quinlan & Hall, 2010).  
Chapter 5: 50 bp single-end sequencing reads were aligned to the X. laevis genome (assembly 
version 9.1) using bowtie2. Peaks were called using MACS2 (Y. Zhang et al., 2008)( 
https://github.com/taoliu/MACS/)  and a final set of peaks were called using the R package, 
ChIPpeakAnno (Zhu et al., 2010). Both Ets2 ChIP as described in this manuscript as well as 
previously published B-catenin ChIP sequencing data (Kjolby & Harland, 2016) were analyzed 
using the same tools and parameters. ChIPpeakAnno was used to generate venndiagrams, 
coverage heat maps. Bedtools (Quinlan & Hall, 2010) and custom scripts were used to calculated 
distance to TSS.  
Peaks and read pile-ups were visualized with Integrative Genomics Viewer (IGV) (Robinson et 
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al., 2011). De novo motif analysis was performed with MEMEchip (Machanick & Bailey, 2011).  
 
Candidate gene selection 
Differentially expressed (DE) genes from the RNAseq analysis with a ChIPseq peak within 50kb 
up or downstream of the gene body (CDS) were considered candidate target genes. Analysis was 
performed using custom scripts in Rstudio and python. 
50 bp single-end sequencing reads were aligned to the X. laevis genome (assembly version 9.1) 
using bowtie2. Peaks were called using MACS2 (Y. Zhang et al., 2008)( 
https://github.com/taoliu/MACS/)  and a final set of peaks were called using the R package, 
ChIPpeakAnno (Zhu et al., 2010). Both Ets2 ChIP as described in this manuscript as well as 
previously published b-catenin ChIP sequencing data (Kjolby & Harland, 2016) were analyzed 
using the same tools and parameters. ChIPpeakAnno was used to generate venndiagrams, 
coverage heat maps. Bedtools (Quinlan & Hall, 2010) and custom scripts were used to calculated 
distance to TSS.  
Peaks and read pile-ups were visualized with Integrative Genomics Viewer (IGV) (Robinson et 
al., 2011). De novo motif analysis was performed with MEMEchip (Machanick & Bailey, 2011).  
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CHAPTER 3 
 

Genome-wide identification of Wnt/b-catenin transcriptional targets during 
Xeonpus gastrulation 

 
Abstract 
 
The canonical Wnt/β-catenin signaling pathway plays multiple roles during Xenopus 
gastrulation, including posteriorization of the neural plate, patterning of the mesoderm, and 
induction of the neural crest. Wnt signaling stabilizes β-catenin, which then activates target 
genes. However, few targets of this signaling pathway that mediate early developmental 
processes are known. Here we sought to identify transcriptional targets of the Wnt/β-catenin 
signaling pathway using a genome-wide approach. We selected putative targets using the criteria 
of reduced expression upon zygotic Wnt knockdown, β-catenin binding within 50kb of the gene, 
and expression in tissues that receive Wnt signaling. Using these criteria, we found 21 novel 
direct transcriptional targets of Wnt/β-catenin signaling during gastrulation and in addition have 
identified putative regulatory elements for further characterization in future studies.   
 
Introduction  
 

Extracellular signaling pathways regulate the patterning and specification of tissues 
during development, with the same pathway often being deployed to serve many different 
functions. For example, in the gastrulating Xenopus embryo, canonical Wnt signaling functions 
to posteriorize the neural plate (reviewed in (Niehrs, 2004)), pattern the developing mesoderm 
(reviewed in Harland, 2004), and contribute to neural crest induction (reviewed in (Pegoraro & 
Monsoro-Burq, 2012) and (Groves & LaBonne, 2014)). To better understand the mechanisms by 
which Wnt signaling patterns and specifies these different tissues, this study takes a genome-
wide and unbiased approach to discover new target genes of this pathway as well as their 
putative regulatory regions during Xenopus gastrulation.  

The canonical Wnt signaling pathway has a single mediator of transcriptional activation, 
β-catenin, which simplifies identification of regulatory regions. The canonical Wnt signaling 
pathway is initiated when Wnt extracellular ligands bind to low-density lipoprotein receptor-
related protein 5/6 (LRP 5/6) and Frizzled (Fz) receptors (Hikasa & Sokol, 2013). As a 
consequence, GSK3, which normally phosphorylates β-catenin to target it for destruction, is 
inhibited, allowing for stabilization of β-catenin and its subsequent translocation into the 
nucleus, where it binds to TCF/LEF transcription factors ((Clevers, 2006); (S.-E. Kim et al., 
2013). This binding releases Groucho from TCF/LEF and recruits transcriptional co-activators to 
initiate transcription of target genes (Roose et al., 2001). There are many antagonists of this 
pathway, one of which is Dickkopf-1 (Dkk). Dkk is a secreted protein that binds to LRP5/6, 
inhibiting Wnt ligands from forming a canonical signaling complex (Bafico, Liu, Yaniv, Gazit, 
& Aaronson, 2001; Mao et al., 2002; Semënov et al., 2001). 

In this study we sought to identify direct transcriptional targets of the canonical Wnt/β-
catenin signaling pathway by taking advantage of the recent release of X. laevis genome 
assemblies and annotations (Xenbase.org: (Karpinka et al., 2015); Session et al., 2016 
(submitted)). We used three criteria to create a list of target genes. First, a direct transcriptional 
target must have reduced expression in embryos in which we have inhibited Wnt signaling (Chiu 
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et al., 2014; J.-S. Park et al., 2012) (Chiu et al., 2014; Gentsch et al., 2013; Schuijers, Mokry, 
Hatzis, Cuppen, & Clevers, 2014). Second, target genes in our candidate list must have a β-
catenin binding site within 50 kb of the gene (Chiu et al., 2014; Gentsch et al., 2013; J.-S. Park et 
al., 2012; Schuijers et al., 2014; X. Zhang, Peterson, Liu, McMahon, & Ohba, 2013). Third, 
direct target genes must also be expressed in a tissue where Wnt signaling is known to occur 
(Gentsch et al., 2013). Finally, we validated genes that fulfilled all prior criteria by quantifying 
individual gene expression in uninjected control versus Wnt knockdown embryos by qPCR as 
well as in situ hybridization. This approach allows us not only to identify the target genes of the 
Wnt/β-catenin signaling pathway, but also to start characterizing putative enhancers of these 
target genes.   
 
Results  
 
Transcriptome analysis of Wnt knockdown embryos reveals candidate canonical Wnt/β-catenin 
target genes involved in mesoderm and neural development.  

To determine the targets of canonical Wnt/β-catenin signaling that mediate neural and 
mesodermal patterning at mid gastrula stages, we compared transcriptomes of uninjected control 
and dkk-injected embryos at stage 11.5. Dkk, a secreted Wnt antagonist, inhibits canonical Wnt 
signaling at the mid-gastrula stage but does not interfere with the maternal role of Wnt in 
specifying dorsal mesoderm (Brott & Sokol, 2002; Glinka et al., 1998). We confirmed that 
embryos injected with 100 pg dkk display enlarged heads and cement glands, indicating that we 
used a sufficient dose to inhibit Wnt signaling (Glinka et al., 1998) (Sup. Fig. 3.1A). Uninjected 
control and dkk-injected embryos were collected at mid gastrula (stage 11.5) from three different 
mating pairs. After confirming substantial knockdown of known target genes cdx2, hoxa1, and 
axin2 in single embryos (data not shown) by RT-qPCR of a fraction of the RNA, the remaining 
RNA was used for transcriptome sequencing (GSE77365) (Fig. 3.1A). 

To identify differentially expressed genes, we followed a standard pipeline for analysis 
(Fig. 3.1B) using the recently released X. laevis version 9.1 genome assembly (Anders et al., 
2015; Anders & Huber, 2010). Ninety-seven genes were significantly altered in expression (Sup. 
Table 3.1).  The majority of differentially expressed genes (n=82, 85%) were inhibited in dkk-
injected embryos compared to uninjected controls, suggesting that most of the differentially 
expressed genes might be directly activated by β-catenin (Fig. 3.1C, E, and Sup. Fig. 3.2). 
Indeed, around 30% (n=27/97) of these genes have been previously reported to be canonical Wnt 
targets (Table 3.1, Sup. Table 3.1) (Hikasa & Sokol, 2013). Importantly, the differentially 
expressed genes found here are enriched for GO terms that suggest involvement in mesoderm 
and ectoderm/neural development, supporting a role for Wnt signaling in mesoderm and neural 
patterning at gastrula stages (Fig. 3.1C,D, and Sup. Fig. 3.1C). To validate the RNAseq results, 
expression levels of a set of both known and candidate target genes were tested by qPCR, 
comparing expression in uninjected control embryos to those injected with 100pg dkk (Fig. 
3.1F). In each case, the target genes showed reduced expression compared to uninjected control 
(Fig. 3.1F). 
 
Genome-wide binding pattern of β-catenin revels candidate enhancers of Wnt/β-catenin 
signaling.  

To further investigate whether the candidate target genes from the transcriptome analysis 
are direct transcriptional targets of β-catenin, we reasoned that a target gene would have a β-
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catenin binding region within 50kb of the gene. Therefore, we used a triple FLAG-tagged β-
catenin and anti-FLAG antibody for Chromatin Immunoprecipitation followed by sequencing 
(ChIPseq) (GSE77365). Embryos were injected with 500 pg of mRNA encoding a C-terminally 
FLAG-tagged β-catenin, which, as previously shown, does not induce a secondary axis or 
posteriorization when injected animally at the two-cell stage (Goentoro & Kirschner, 2009; 
Young et al., 2014) (Fig. 3.2A). Previously, Yost et al., (1996) showed that mRNA encoding 
full-length β-catenin is much less potent in induction of secondary axes than mRNA encoding a 
protein that removed the N-terminal phosphorylation site. The wild type protein is also very 
unstable compared to the mutant. The inference is that most ectopically expressed full-length β-
catenin is turned over, to restore near physiological levels of the tagged protein under the 
conditions we used. Expression of the FLAG-tagged β-catenin was confirmed by Western blot 
(Sup. Fig. 3.3A) and mid-gastrula (stage 11.5) embryos were collected for ChIP. We made three 
Illumina libraries from independent chromatin immunoprecipitates, and three controls from input 
chromatin (chromatin before immunoprecipitation). Fifty base sequencing reads were mapped to 
the new X. laevis version 9.1 genome and peaks were called using both MACS and Homer peak 
callers (Heinz et al., 2010; Y. Zhang et al., 2008). The final set of peaks used in this study 
consisted of those peaks present in all three libraries and found significant by both peak callers 
(Fig. 3.2B, Sup. Fig. 3.3B). We found that the final set of 855 peaks were located an average 
distance of 2929 bp upstream of all transcription start sites (TSS) compared to 9131 bp upstream 
of TSS for randomized peaks (Fig. 3.2C), suggesting an enrichment of β-catenin binding closer 
to genes than to random genomic locations. In addition, we looked at H3K27ac marks from X. 
laevis stage 10.5 ChIPseq data at peak locations. While this data 
(http://veenstra.ncmls.nl/trackhub.htm) represents the chromatin architecture at an earlier stage, 
we can see that many of the peaks are enriched by inspection for H3K27ac, suggesting that these 
peaks may act as enhancers (data not shown).  

Individual peaks were further validated by ChIP qPCR by comparing fold change of 
signal between uninjected controls and embryos injected with 500pg β-catenin-3xFLAG mRNA 
or embryos co-injected with 500pg β-catenin-3xFLAG  and either 100 or 400pg dkk (Sup. Fig. 
3.3C). With each increase in dose of dkk, the signal of each selected peak was reduced (Sup. Fig. 
3.3C), confirming that the signal for each peak was a result of Wnt dependent stabilization of β-
catenin and subsequent binding of β-catenin to chromatin.   

To confirm previously identified Wnt/β-catenin responsive regulatory regions, and verify 
the β-catenin-3xFLAG  construct, we used the Integrative Genomics Viewer (IGV) to visualize 
peaks near known direct target genes (Robinson et al., 2011) (Fig. 3.2D, Sup. Fig. 3.4). Hoxa1, 
Gbx2, Axin2, Sp5 and Cdx1 are all demonstrated direct targets and showed binding profiles 
similar to those that were previously published (In der Rieden, Vilaspasa, & Durston, 2010; Jho 
et al., 2002; Li, Kuriyama, Moreno, & Mayor, 2009; Prinos et al., 2001; Weidinger, Thorpe, 
Wuennenberg-Stapleton, Ngai, & Moon, 2005) (Fig. 3.2D, Sup. Fig. 3.4). Importantly, many 
new candidate genes have ChIP peaks within 50 kb of their coding DNA sequence (CDS) (Table 
3.2). Binding landscapes vary such that some peaks are upstream, some are downstream, of CDS 
and there is often more than one binding site per gene (Fig. 3.2D).  

β-catenin does not directly bind DNA, but rather binds to the transcription factors 
TCF/LEF (Clevers, 2006; Clevers & van de Wetering, 1997; Schuijers et al., 2014). We 
confirmed that indeed, the TCF/LEF motif was enriched in the peaks, using MEMEChIP 
(Machanick & Bailey, 2011). Taking the middle nucleotide of each peak and extending 250bp on 
either side, we found that the TCF4 motif is the most significantly enriched of any identifiable 
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motif, and is centrally positioned within each peak (Machanick & Bailey, 2011) (Fig. 3.2E,F). In 
addition, peaks with more TCF motifs per peak have slightly larger peak scores as called by 
MACS, suggesting a slight increase in binding of β-catenin when there are more TCF 
transcription factors bound to DNA (Fig. 3.2G).   

In addition to the TCF motif being enriched in the consensus peaks, there are other motifs 
that are highly enriched (Sup. Fig. 3.5). A motif resembling a ZNF281 motif is the second most 
highly enriched motif followed by a motif for Zic1/3/4 (Sup. Fig. 3.5). Because β-catenin is 
thought to use the TCF/LEF family of transcription factors exclusively as a binding partner, this 
suggests a recurring set of other transcription factors cooperate in regulating Wnt/β-catenin 
target genes at this stage (Schuijers et al., 2014).   
 
Candidate direct target genes have both a β-catenin binding site as well as reduced expression 
in dkk-injected embryos. 

To determine which genes have both a β-catenin binding site as well as reduced 
expression in dkk-injected embryos, we asked how many ChIP peaks lie within 50 kb of each 
differentially expressed gene from the RNAseq data (Fig. 3.3A, Table 3.2). Here we use the 
coding DNA sequence (CDS) instead of the transcription start site (TSS) to find peaks both 50kb 
upstream of the TSS and 50kb downstream of the last coding nucleotide. The tetraploid genome 
of X. laevis frequently has two homeologs for each gene, therefore here we count each homeolog 
individually. Of the differentially expressed genes, 53% (n=51/97) had at least 1 peak within 50 
kb of the CDS, and of these, 96% (n=49/51) were inhibited by DKK, as would be expected for β-
catenin direct targets (Fig. 3.3B). This is probably an underestimate because our stringent peak 
calling methods exclude the weaker peaks. Regardless, all genes with 2 or more peaks within 50 
kb of a differentially expressed gene are inhibited by DKK, and those genes with at least 1 peak 
within 50 kb have more significantly reduced expression than those with 0 peaks (Fig. 3.3C).  

A new motif analysis of only the peaks within 50 kb of differentially expressed genes 
revealed that the TCF4 motif is still enriched in this subset of peaks (Fig. 3.3E). Further, the 
percentage of peaks with 1 or more TCF motifs increased when using this subset; whereas 
around 55% of all peaks have at least one TCF motif, this increased to 75% of peaks within 50 
kb of differentially expressed genes (Fig. 3.3F).  

 
Expression pattern of candidate direct target genes is similar to wnt8 expression at mid gastrula.  

Although Wnt8 is a secreted molecule and its protein expression domains may exceed the 
bounds of the mRNA expression, Wnt/β-catenin candidate target genes should be expressed in 
similar or overlapping domains to that of wnt. Of the known direct target genes, most show very 
similar expression domains, in many cases resembling the horseshoe pattern of wnt8 (Christian 
& Moon, 1993; Harland & Gerhart, 1997; In der Rieden et al., 2010; W. C. Smith & Harland, 
1991) (Fig. 3.4A). For example, the direct targets cdx1, cdx2, hoxa1, axin2, and gbx2 are all 
expressed in the ventral and lateral marginal zone at stage 11.5 with expression domains slightly 
more anterior to that of wnt8 (Fig. 3.4A,B, Sup. Fig. 3.6). Despite their similar expression 
patterns, these four target genes are involved in development and patterning of two different 
tissue types (the mesoderm and neurectoderm) and go on to have very different expression 
patterns at later neurula stages (Fig 3.4B).  

Like the previously demonstrated direct targets of Wnt signaling, many of the candidate 
direct target genes, regardless of their functions at later developmental stages, have a similar 
expression patterns at stage 11.5 (Fig. 3.4C). While the size of the dorsal midline gap and the 
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thickness of the horseshoe expression domain vary, the general pattern is consistent with these 
genes being direct targets of Wnt/β-catenin signaling. At later stages the expression pattern of 
these candidate targets varies significantly, as for the known direct targets. For example, esr5 is 
expressed in developing somites, whereas hes6.1 is expressed in the posterior mesoderm (Fig. 
3.4C). The varied expression of both candidate and direct target genes after gastrulation further 
confirms that our approach identified target genes of Wnt signaling during gastrulation, though 
their mode of regulation after gastrulation may differ.  

 
Validation of Wnt-dependent target gene expression by in situ hybridization  
 To determine whether the expression pattern of candidate genes was dependent on Wnt 
signaling, we injected dkk into the 2 right blastomeres of a 4-cell embryo. While RNAseq reports 
the global loss of expression upon Wnt knockdown (Fig. 3.5A,C,E), in situ hybridization can 
reveal tissue type-specific changes in expression of each candidate gene resulting from dkk 
injection (Fig. 3.5B,D,F). For both known (Fig. 3.5A,B, Sup. Fig. 3.7) and candidate (Fig. 3.5C-
F, Sup. Fig. 3.7) target genes, there are varying degrees of loss of expression on the injected side, 
with the ventral domain of expression being most resistant to the manipulation. While some 
genes such as znf703 show nearly complete loss of gene expression on the dkk-injected side, 
other genes such as esr5 do not show such a dramatic loss of expression (Fig. 3.5C-F). Variation 
in the location of expression changes may be attributed to co-regulation of target genes by other 
signaling pathways or transcription factors. For example, esr5, a gene expressed in the paraxial 
mesoderm and important for developing somites, is also regulated by Notch signaling (Jen, 
Gawantka, Pollet, Niehrs, & Kintner, 1999).  
 
Discussion 
 

Canonical Wnt signaling has been extensively studied in the context of development and 
cancer, but while some of the direct transcriptional targets of this signaling pathway have 
previously been documented, our study reveals many novel direct target candidates. 
Furthermore, by examining both the transcriptional responses to Wnt knockdown and binding 
locations of β-catenin, we have identified not only potential direct targets but also potential 
enhancer regions that regulate these genes.  

Our unbiased genome-wide approach was able to detect subtle changes in gene 
expression to discover new target genes of the Wnt pathway. The known direct target genes 
axin2, gbx2, pax3, sp5, cdx1, cdx2, hoxa1, hoxd1, and irx3 have the largest and most significant 
log2 fold changes from our RNAseq data (Table 3.2, Sup. Table 3.1). Thus, these large changes 
in expression upon Wnt manipulation made these genes more readily identifiable, compared to 
the new candidate targets discovered here.  

Further, many of the previously characterized Wnt/β-catenin responsive enhancers that 
regulate these genes are verified in our list of candidate enhancers. For example, a Wnt 
responsive regulatory element for cdx1 has been characterized immediately 5’ to the TSS in 
developing mouse embryos, as well as a 5’ promoter proximal sp5 element in zebrafish (Prinos 
et al., 2001; Weidinger et al., 2005). We see both of these elements called as significant peaks in 
our ChIPseq data. In fact, a common feature of many of the known Wnt responsive regulatory 
elements is that they are near promoter sites, as this is the most easily identified region. Again, 
our unbiased genome-wide approach was able to detect potential regulatory elements as far as 
50kb away from CDS (Fig. 3.2C), and added new and potentially more sensitive targets to genes 
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such as axin2, where the documented enhancer immediately 5’ to the gene (Jho et al., 2002) 
showed an increase in immunoprecipitation, but was not called as significant, compared to a 
larger ChIP peak further 5’ to the gene.  

Many of the known and candidate target genes of the canonical Wnt signaling pathway 
during gastrulation are expressed in a domain resembling the wnt8 expression domain around the 
blastopore (Fig. 3.4A). Wnt is a secreted ligand and can act as a morphogen, signaling several 
cell diameters away so that we would expect that some of the target gene expression could 
extend modestly beyond the wnt-expressing cells (Mii & Taira, 2009; Zecca, Basler, & Struhl, 
1996). In fact, while many of the genes resemble the expression pattern of wnt, there are 
differences in expression. For example, pax3 and gbx2, two genes involved in neural patterning 
as well as neural crest specification, are expressed more anteriorly than wnt and most of the other 
target genes (Garnett et al., 2012; Li et al., 2009; Tour, Pillemer, Gruenbaum, & Fainsod, 2002) 
(Fig. 3.4). We also see differences in the size of the gap in expression across the organizer (Fig. 
3.4). In addition to wnt8, wnt3a is expressed in the paraxial mesoderm of the early gastrulating 
Xenopus embryo and has been demonstrated to posteriorize the neural plate via activation of 
meis3 (Elkouby et al., 2010).   

 If these genes are all targets of Wnt signaling mediated by β-catenin, then why are there 
differences in their expression domains? Three mutually nonexclusive hypotheses may explain 
this: 1.) There are differences in the binding landscape of β-catenin. Some genes such as ngfr 
have many β-catenin binding sites nearby, while other genes such as znf703 only have one 
binding site much further away. 2.) These genes are also being regulated by other signaling 
pathways or transcription factors. Fgf and RA signaling are known to have overlapping roles in 
caudalization of the neural plate (Blumberg et al., 1997; Y. Chen, Pollet, Niehrs, & Pieler, 2001; 
Cox & Hemmati-Brivanlou, 1995; Kengaku & Okamoto, 1995; Kudoh et al., 2002; Lamb & 
Harland, 1995). Indeed, these pathways share many of the same direct targets; for example, RA 
and Wnt converge on the cdx1 promoter (Prinos et al., 2001). Other pathways such as BMP 
signaling pathway help regulate genes expressed at the neural plate border that are important for 
neural crest development (Kléber et al., 2005; LaBonne & Bronner-Fraser, 1998). The upstream 
promoter of msx2, for example, is synergistically and directly activated by BMP and Wnt 
signaling (Hussein, Duff, & Sirard, 2003). By examining other motifs that are enriched in the β-
catenin binding regions we can start to predict which factors may be required or permissive for 
expression of these Wnt target genes. For example, the motif for Zic1, a transcription factor 
important for neuroectodermal differentiation, is enriched in the β-catenin binding regions 
identified in our ChIP experiment and therefore might serve to co-regulate a subset of genes 
required for neural differentiation (Aruga & Mikoshiba, 2011; Mizuseki, Kishi, Matsui, 
Nakanishi, & Sasai, 1998). 3.) These genes are each integrating repressive inputs in their 
regulatory landscape, and thus the threshold at which the repressors outcompete the activators 
determine the extent of the expression domain (H. Chen, Xu, Mei, Yu, & Small, 2012). 

In conclusion, our genome-wide approach combining RNAseq and ChIPseq data has 
identified new candidate direct target genes of the canonical Wnt/β-catenin signaling pathway. 
The direct transcriptional target genes identified here are down-regulated when zygotic Wnt 
signaling is inhibited with DKK1 and have β-catenin ChIP peaks within 50 kb of the gene’s 
CDS. In addition, these genes are expressed in a similar domain to wnt8 mRNA expression 
during gastrula stages in X. laevis. The identification of putative regulatory regions via ChIP-seq 
provides the basis for future studies in understanding how these target genes are regulated such 
that they are expressed in a context dependent manner.  
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Figure 3.1 
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Figure 3.1. Expression screen for transcriptional targets of Wnt signaling during 
gastrulation. (A) Schematic of experiment. 100pg dkk was injected animally into all blastomeres 
of 4-cell staged X. laevis embryos. mRNA was extracted from single embryos at stage 11.5 (mid 
gastrula) and used to make Illumina TruSeq RNA sequencing libraries. (B) Schematic pipeline of 
RNAseq analysis. (C) Heat map of normalized counts for differentially expressed (DE) genes 
between three single uninjected control (UC) and three dkk-injected embryos grouped based on 
categories from GO analysis. (D) Differentially expressed genes were analyzed for enrichment of 
PANTHER GOslim terms. Fold enrichment is expressed as the observed fraction of genes in GO 
term category divided by the expected fraction of genes in GO term category. (E) log2 of 
normalized counts plotted.  Uninjected control (UC) counts on the x-axis and dkk-injected counts 
on the y-axis. Blue dots have a significant (p-adjusted≤0.05) positive log2 fold change in dkk-
injected embryos, purple and red dots have a significant negative log2 fold change in dkk-
injected embryos. The purple dots are known direct target genes of Wnt signaling and the red 
dots are candidate target genes of Wnt signaling. (F) qPCR data from single embryos in 3 
independent experiments validating selected known and candidate target genes (n=3). Error bars 
indicate standard deviation and significance was calculated by Student’s t-test (*=p<0.05).  
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Figure 3.2 
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Figure 3.2. Chromatin Immunoprecipitation and sequencing (ChIPseq) of a FLAG-tagged 
β-catenin at mid gastrula identifies β-catenin bound regions. (A) Schematic of experiment. 
500 pg of mRNA encoding triple FLAG-tagged β-catenin was injected animally into both 
blastomeres of a 2-cell stage embryo. Chromatin was crosslinked at mid gastrula, sonicated, and 
used to make Illumina TruSeq libraries. (B) Pipeline of ChIPseq analysis. 50 bp single-end reads 
were aligned to X. laevis genome version 9.1 using Bowtie2. Peaks were called with MACS and 
HOMER. Common peaks were identified by both peak callers in all three biological replicates. 
(C) Histogram of distances from peak to transcription start site (TSS). Inset: Common peaks 
were randomly distributed along the genome to make Randomized Peaks (see methods). Red line 
is the probability density for distances. For ChIP peaks the mean distance to TSS = - -2929 bp 
and for randomized peaks the mean distance to TSS = -9131 bp. Samples are significantly 
different with a p-value = 2.925e-05 (Kolmogorov-Smirnov test). Note: Only peaks within 50kb 
from TSS are shown. (D) IGV browser views of ChIPseq coverage at previously identified target 
genes and new candidate targets. (1) The Consensus Peak track shows the consensus peaks from 
three replicate experiments. (2) Read pile-up coverage from a single ChIPseq replicate sample.  
We note that the width of the peak displayed depends on the overall length of DNA represented, 
such that peaks appear narrow in 50kb windows. (3) Read pile-up coverage from a single Input 
replicate sample. (E) Peaks were extended by 250bp from the middle nucleotide and submitted to 
MEMEchip. Position Weight Matrix of TCF4 motif and most enriched motif found in consensus 
peaks. E-value=3.1e-084. (F) Distribution of enriched motif in consensus peaks. (G) Box plot 
representing number of TCF4 motifs in a peak versus the MACS score (MACS score = -
10*log10pvalue) of that peak.  
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Figure 3.3 

 
 
 
Figure 3.3. Candidate Wnt direct target genes have both a negative log2 fold change in 
dkk-injected embryos and a ChIP peak within 50 kb of the coding DNA sequence. (A) 
Differentially expressed (DE) genes were designated as candidate direct target genes if they had 
a ChIPseq peak within 50 kb from the coding DNA sequence (CDS). (B) Number of DE genes 
that have either no peaks or at least one peak within 50 kb from CDS. (C) Log2 fold change (y-
axis) of DE gene plotted as a function of number of peaks within 50 kb (x-axis). Genes that have 
at least one peak have a significantly greater negative log2 fold change than genes with zero 
peaks. p < 0.05. (D) A TCF motif is enriched in the set of peaks within 50 kb of DE genes as 
determined by MEMEChIP. E-value=2.5e-029. (E) Percentage of peaks with TCF motif. Blue is 
peaks within 50 kb of DE gene; white represents all consensus peaks. 
  



29 

Figure 3.4 

 
 
 
Figure 3.4. In situ hybridization shows that the expression patterns of many characterized 
and candidate Wnt/β-catenin direct target genes resemble wnt8 expression. Genes are 
grouped based on functional role. (A) Expression of wnt8 at different developmental stages. (B) 
Expression of a few characterized direct target genes of Wnt/β-catenin at different 
developmental stages. (C) Expression of selected candidate direct target genes. Stage 11.5-12 
and 12.5-13 is blastopore view with dorsal up. Neurula stage is dorsal view with anterior up.  
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Figure 3.5 

 
 
 
Figure 3.5. Expression of Wnt/β-catenin target genes is reduced by dkk-injection. (A,C,E) 
Normalized counts from RNAseq data comparing uninjected control (UC) and dkk-injected 
embryos for selected known (A) and candidate (C,E) target genes at stage 11.5 (mid-gastrula). 
(B,D,F) In situ hybridization showing expression pattern of known (B) and candidate (D, F) 
target genes. Embryos were injected in the right (asterisk) 2 blastomeres at the 4-cell stage with a 
total of 100 pg dkk. Blue box indicates that embryo was cleared in either benzyl 
benzoate:benzoic acid (BB:BA) or benzyl benzoate alone (BB; to reduce transparency and 
visualize the archenteron). Blastopore view with dorsal up, except pnhd is dorsal view with 
anterior up.  
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Table 3.1 

 
 
 
Table 3.1. List of characterized direct targets and candidate direct targets of Wnt/β-catenin. 
Genes in bold are proposed candidate direct target genes. One homeolog per gene is listed and 
only those genes that are properly annotated in X. laevis annotation v1.8 are included in this list.  
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Table 3.2 

 
 
Table 3.2. 21 candidate direct targets of Wnt/β-catenin are both differentially expressed in 
RNAseq experiment and have β-catenin ChIPseq peaks within 50kb of CDS. For full list see 
Supplemental Table 1.   
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Supplemental Figure 3.1 

 
Supplemental Figure 3.1 
(A) Embryos injected with 100pg dkk have large heads, large cement glands, and a shortened A-
P axis. (B) Principle component analysis (PCA) of single uninjected control (UC) or dkk-injected 
embryos. Embryos segregate according to mating pair, indicating the general similarity of gene 
expression within that clutch. (C) Full list of PANTHER GOslim terms. Fold enrichment is 
observed fraction of genes in GO term category divided by expected fraction of genes in GO 
term category.  
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Supplemental Figure 3.2 

 
Supplementary Figure 3.2 
Heatmap of normalized counts for all differentially expressed genes (DE) between three single 
uninjected control (UC) and three dkk-injected embryos. Gene names are from X. laevis 
annotation v1.8. 
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Supplementary Figure 3.3 
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Supplementary Figure 3.3 
(A) Western blot of embryos injected with mRNA encoding triple FLAG-tagged β-catenin either 
alone or with increasing amounts of dkk. Numbers bellow FLAG blot represent relative 
abundance of FLAG epitope compared to abundance in embryos injected with 500pg triple 
FLAG-tagged β-catenin. Numbers are normalized to the amount of actin loading control detected 
in the same blot. (B) Number of peaks called by MACS and Homer peak callers. Final peak set 
was selected by taking the intersection from both peak callers for each sample and then the 
intersection of all three samples. (C) Chromatin Immunoprecipitaion (ChIP) followed by qPCR 
using uninjected control (UC) embryos or embryos injected with 500pg triple FLAG-tagged β-
catenin either alone or with dkk. Primers were designed to amplify the central region of selected 
peaks. The negative region is 10 kb from peak_16965. MACS peak score is given for each peak. 
We note the progressive decline in binding at negative control regions progressively further from 
the peak, expected from incomplete sonication of chromatin.  Values are normalized to input and 
fold change is taken compared to uninjected control (UC). Error bars are standard deviation.  
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Supplemental Figure 3.4 
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Supplemental Figure 3.4 continued 
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Supplementary Figure 3.4 
IGV browser views of ChIPseq coverage at known target genes and candidate targets. (1) The 
Consensus Peak track shows the consensus peaks from three replicate experiments. (2) Read 
pile-up coverage from a single ChIPseq replicate sample. (3) Read pile-up coverage from a 
single Input replicate sample. 
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Supplemental Figure 3.5 

 
 
 
Supplementary Figure 3.5 
Complete list of motifs found using MEMEChIP (Machanick & Bailey, 2011) ranked by 
significance. Position Weight Matrix (PWM) of motif discovered, closest known motif, motif 
discovery program and the E-value are listed.  
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Supplemental Figure 3.6 

 
 
 
 
 
Supplementary Figure 3.6  
In situ hybridization of known (cdx1, irx3, msgn) and candidate (frzd10, ngn2) Wnt/β-catenin 
target genes. Stage 11.5-12 and 12.5-13 is blastopore view with dorsal up. Neurula stage is 
dorsal view with anterior up.  
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Supplemental Figure 3.7 

 
 
Supplementary Figure 3.7 
Normalized counts from RNAseq data comparing uninjected control (UC) and dkk-injected 
embryos and in situ hybridization showing expression pattern. Embryos were injected in the right 
(asterisk) 2 blastomeres at the 4-cell stage with a total of 100pg dkk. 
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Supplemental Table 3.1 
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Supplemental Table 3.1 continued 
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Supplemental Table 3.1 continued  

 
Supplementary Table 3.1 
Complete list of differentially expressed genes from RNAseq experiment. Genes are ranked with 
lower numbers having a greater log2 fold change. Also listed is the number of β-catenin ChIPseq 
peaks within 50kb of CDS.  
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CHAPTER 4 

Co-regulation of Wnt target genes by Sox and Zic family of transcription 
factors 

Introduction  
 
TCF motifs were not the only motif enriched in the set of peaks from the b-catenin ChIP data. 
Two other interesting motifs were the Sox2 and Zic motifs. Both of these motifs were identified 
from a program that finds motifs that are enriched in the center of the set of peaks (Figure 4.1 
A/B) {Ma:2014jx}. Since both Sox2 and Zic are developmentally expressed and have been 
documented to interact with Wnt signaling at the transcriptional level, I wanted to follow up on 
whether these two families of transcription factors might co-regulate either all or a subset of 
Wnt/b-catenin target genes. Here I present a section for each Sox and Zic transcription factors 
including a brief introduction and results from experiments I performed to help understand 
whether Sox and Zic transcription factors co-regulate Wnt/b-catenin target genes during 
gastrulation.   

To test whether Wnt target genes are co-regulated by either Sox2 or Zic, I made G0 mosaic 
CRISPR knockouts. To get a sense of the mosaicism of making G0 knockouts I first made a 
guide RNA to slc45a2, a gene involved eye and skin pigmentation. There is only one homeolog 
of the slc45a2 gene, therefore only one guide was designed (Figure 4.2 A). Embryos were 
injected into 1 blastomere of a 2-cell staged embryo and the injection was traced with mcherry 
(Figure 4.2 B). Injection of guide RNA plus Cas9 protein was slightly toxic and survival rate was 
about 60% compared to close to 100% for embryos injected with guide RNA alone. Embryos 
were raised to tadpole stages and presence of pigmentation in the eye was scored (Figure 4.2 C). 
Even though embryos were injected only into 1 blastomere and mcherry tracer was expressed on 
one half of the embryo at neurula stages, about 50% of tadpoles were mosaic albino in both eyes 
(Figure 4.2 C/ E). If injections were done before cleavage was complete, this could result in both 
blastomeres inheriting the injection mix. The other 50% was mosaic in 1 eye (Figure 4.2 C/ E), 
resulting in 100% of the tadpoles having at least one editing event. Editing of the slc45a2 gene 
appeared to be very efficient, however each guide RNA will have different efficiency. In 
addition, slc45a2 may be an easier gene to edit since there is only one homeolog present.   

Part 1: The Zic transcription factors  

The Zic family of transcription factors are homologs to the drosophila pair-rule gene, odd-paired 
and have been shown to have broad roles in neural development {Nakata:1997vk, Aruga:1998uz, 
Aruga:2004jg}. There are 5 identified Zic family members (zic 1-5) with zic 1-3 being the most 
closely related and form a separate subgroup (reviewed in {Aruga:2004jg}). They share five 
highly conserved tandem repeats known as C2H2 zinc-finger motifs. Mutations in zic1 result in 
ataxia and mice die after 1 month due to defects in the cerebellar while mutations in zic2 result in 
holoprosencephaly in both mice and humans. In addition, mouse zic1 and zic3 null mutations 
results in severely impaired forebrain development {Aruga:2011dz}. 
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During Xenopus development, zic1-3 are expressed widely in the neural tissues with 
progressively restricted expression domains. At the beginning of gastrulation, zic1-3 are 
expressed in the prospective neurectoderm {Nakata:1997vk, Merzdorf:2007fb}. At late gastrula 
stages, zic expression is shut off at the midline except in the anterior and at neural plate stages is 
expressed in the lateral regions of the anterior neural plate and flanking ectoderm 
{Kuo:1998ww}. Zic3 is additionally expressed in the involuting mesoderm {Nakata:1997vk, 
Aruga:2011dz}.  

The Zic family of transcription factors appear to act as a bridge between early neural induction 
and later neural differentiation by increasing the competence of the ectoderm to respond to 
neuralizing signals. Zic1-3 are induced as a result of BMP inhibition shortly after expression of 
chordin begins {Nakata:1997vk, Kuo:1998ww} and can initiate neural differentiation in animal 
caps by inducing expression of bHLH class of neural differentiation markers such as neurogenin 
{Nakata:1997vk, Mizuseki:1998tt}. Additionally, injection of zic1 and zic3 morpholinos 
suppresses the proper expression of the neural plate marker sox2 {Aruga:2011dz}.  

It has been previously suggested that the Zic family of transcription factors can modulate Wnt 
activity. Initially it was shown that Zic transcription factors function as activators of Wnt 
signaling by acting directly on the expression of the wnt ligands {Merzdorf:2006ee}. However, 
at the level of transcriptional regulation of Wnt target genes, zic1-5 have all been shown to 
suppress b-catenin mediated transcriptional activation {Pourebrahim:2011if, Fujimi:2012iv}. 
Zic2 binds to the DNA high-mobility group box of TCF4 to inhibit TCF4/b-catenin activity and 
therefore injection of zic2 RNA completely inhibited b-catenin induced axis duplication in 
Xenopus {Pourebrahim:2011if}.  Recently it has also been shown that TCF and Zic may form a 
complex in the absence of Wnt signaling to activate a gene, ttx-3 in C.elgans, offering yet 
another mode of combinatorial regulation {Murgan:2015kj}.  

Since Wnt antagonists are required to inhibit posteriorization of the anterior neurectoderm, the 
timing, location, and ability of Zic transcription factors to inhibit b-catenin mediated 
transcription make the Zic transcription factors good candidates for inhibiting expression of 
gastrulation stage Wnt/b-catenin target genes. The Zic motif was the third most enriched motif 
identified in the b-catenin ChIP peak regions with an E-value 9.5e-28. Therefore, we 
hypothesized that the Zic family of transcription factors could be co-regulating the Wnt target 
genes at the level of transcription. 

Results/Discussion  

To confirm previous results that zic1/2 inhibits b-catenin mediated axis duplication 
{Pourebrahim:2011if}, I injected either zic1 or zic2 mRNA alone or in combination with b-
catenin into the two ventral blastomeres at the 4-cell stage. Injection of zic1 or zic2 did not cause 
axis duplication when injected alone, while injection of b-catenin caused severe axis duplication 
with both axes additionally anteriorized (Figure 4.3A/ B). Co-injection of zic1 or zic2 with b-
catenin did not eliminate the induced secondary axis, however the axes were no longer 
anteriorirzed suggesting a dampening effect of zic1/2 on b-catenin (Figure 4.3A/ B).  
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To determine whether the Zic transcription factors modulate expression of the Wnt/b-catenin 
target genes during gastrulation, I overexpressed either either zic1 or zic2 mRNA by 
microinjection into both blastomeres of two-cell staged Xenopus embryos and observed 
phenotypes and gene expression changes. Compared to uninjected control, overexpression of 
both zic1 and zic2 appeared to ventralize/posteriorize with higher doses of zic1 causing 
gastrulation defects (Figure 4.3C). I next collected embryos injected with either zic1 or zic2 and 
compared expression of sox2, pax3, snail2, and axin2 (Figure 4.3D). Sox2 expression appears to 
decrease at high doses of zic1/2 even though it has been reported that knockdown of Zic 
transcription factors decreases expression of sox2 {Aruga:2011dz}. This may be because Zic 
transcription factors promote neural differentiation which requires the downregulation of neural 
progenitor markers such as sox2 (reference). As expected, the neural crest maker, pax3 is 
increased in expression as Zic transcription factors are known to promote neural crest 
development {Sato:2005jv}. However, expression of snail2 did not appear to be significantly 
changed by overexpression of either zic1 or zic2, but this may be because of the early collection 
of embryos and should be repeated at a later time point. Interestingly, expression of axin2 
appears to be reduced in a dose dependent manner with zic1 overexpression, suggesting it is 
negatively regulating a Wnt/b-catenin gastrulation target gene.  

However, these overexpression experiments should be repeated using a cytoskeletal actin 
promoter driving the expression of zic1/2/3 to be sure that the overexpression is affecting Wnt/b-
catenin signaling at gastrulation stages and not in b-catenin mediated dorsal induction.  

To complement the overexpression studies, I also utilized CRISPR/Cas9 to make mosaic G0 
knockouts of Zic1. If Zic transcription factors are negatively regulating Wnt/b-catenin target 
genes, then I expect that the Zic1 knockout would show an increase in Wnt target gene 
expression. Indeed, injecting the zic1 guide RNA with Cas9 protein, but not without, produced a 
mismatched PCR product substrate for the surveyor enzyme to cleave as evidenced by a smaller 
DNA band on an agarose gel (Figure 4.3E). Both L and S versions of zic1 were targeted (Figure 
4.3E). While the surveyor assay results suggest mutations were made, the efficiency and 
mosaicism are unknown, and the resulting phenotype of the mosaic mutants was 
indistinguishable from controls injected with guide RNA in the absence of Cas9 protein. To 
assess the amount of mosaicism, I performed RNA in situ hybridization on embryos injected 
with zic1 guide RNA alone or in combination with Cas9 protein. Reduced expression of zic1 was 
apparent mostly likely due to non-sense mediated decay, however there is still a significant 
amount of expression. The resulting phenotype of edited embryos was mild with small defects in 
the anterior-posterior axis. Reported phenotypes due to morpholino knockdown range from 
defects in anterior-posterior axis, reduced head structures, reduction in eye size, reduced 
cartilaginous skeleton, and midline defects {Inoue:2007ij, Maurus:2009ky, Pourebrahim:2011if, 
Fujimi:2012iv}. However, some of these defects only become obvious when combinations of 
zic1-3 are knocked-down but not when a single Zic transcription factor is knocked-down 
{Inoue:2007ij}. Therefore, double or triple mutants of the Zic transcription factors should be 
made in the future to follow-up on these studies.  
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Part2: The Sox transcription factors  

Sox2 may be most well known for being one of the 4 transcription factors used to reprogram 
adult fibroblasts into pluripotent stem cells {Takahashi:2006hi}, however during Xenopus 
development the role of sox2 is to maintain a neural progenitor state, making ectoderm 
competent to become neural, but not sufficient to induce neural differentiation. Expression of 
sox2 begins shortly after expression of chordin at the onset of gastrulation in the prospective 
neurectoderm {Rogers:2008ha, Mizuseki:1998tt}. Expression of sox2 in ectodermal explants is 
not sufficient to induce expression of mature neural markers but together with FGF can initiate 
neural differentiation, suggesting that sox2 makes ectoderm competent to become neural 
{Mizuseki:1998tt}. Indeed, sox2 is required for neural differentiation in whole embryos. A 
dominant negative version of sox2 injected into embryos suppressed expression of ncam and 
inhibited primary neuron differentiation by reducing expression of neurogenin and n-tubulin 
{Kishi:2000ui}. While sox2 is necessary for neural differentiation, sustained constitutive 
expression of sox2 can also inhibit neuronal differentiation {Graham:2003vd}. Therefore, it 
appears that sox2 is able to maintain a neural progenitor state necessary for neural differentiation 
but must be down-regulated for differentiation to occur.  

Sox transcription factors typically are not sufficient to induce transcriptional activation alone and 
thus often are paired off with different transcription factors. The Sox family of transcription 
factors form a family of over 20 different members that all recognize and bind a similar 6-7 bp 
motif in the minor groove of DNA causing the DNA to bend {Scaffidi:2001kl, 
Kamachi:2000ww, Wilson:2002ws, Kiefer:2007en}. Pairing with different transcription factors 
gives each Sox member the ability to activate specific target genes while still all being able to 
bind to the same recognition motif {Kamachi:2000ww, Wilson:2002ws, Kiefer:2007en}.  

An example of Sox binding with an additional transcription factor is in the co-regulation of the 
γ1-crystallin gene during lens development by Sox2 and its binding partner, EF3 
{Kamachi:1999uh, Kamachi:1995ug}. Sox2 binds to the 5’ half of an enhancer regulating the 
γ1-crystallin gene but cannot activate this region in co-transfection assays {Kamachi:1995ug}. 
The 3’ half of this enhancer contains a binding site for the transcription factor, EF3, and together 
Sox2 and EF3 synergistically activate expression of the reporter {Kamachi:1995ug}.   

Sox2 may also provide developmental context to signaling pathways that act in many different 
differentiating tissues to turn on different sets of tissue-specific target genes. For example, Shh 
signaling is active in both the notochord/ventral neural tube and limb bud, but it works 
combinatorially to activate different genes appropriate for either neural or limb bud patterning 
{Oosterveen:2013by, Peterson:2012cz}. One main difference in context is the expression of sox2 
in the neural tube and thus when expression of sox2 is forced in the limb bud, genes normally 
expressed in the neural tube are activated {Oosterveen:2013by}. It is the synergistic interaction 
between Sox2 and Gli proteins at regulatory DNA sequences that provides a strategy for the 
tissue-specific selection of target genes.  

The Sox family of transcription factors are modulators of Wnt signaling that can interact at 
various levels of the Wnt pathway to either promote or inhibit the pathway. In several different 
cancers Sox2 increases b-catenin nuclear levels and activity {Yang:2014if, Kormish:2010df} 
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and in tooth germ cells, knockdown of Sox2 decreases Wnt signaling suggesting its normal role 
is to promote Wnt signaling {Lee:2016bm}. Sox transcription factors can also inhibit Wnt 
signaling as evidenced by decreased TCF reporter activation as a result of soxN overexpression 
in human cell culture {Chao:2007hs}. This may be due to direct biding of Sox transcription 
factors to TCF/b-catenin bound regions.  

Most evidence suggests that Sox transcription factors interfere with the Wnt signaling pathway 
by binding to b-catenin, thus inhibiting the interaction of b-catenin and TCF. In Mouse E10.5 
embryos, Sox1 reduced expression of the Wnt/b-catenin reporter, TOPFLASH, and co-
precipitated with b-catenin suggesting it is directly inhibiting b-catenin activity at the 
transcriptional level {Kan:2004ih}. Sox17 has also been shown to inhibit b-catenin-mediated 
induction of dorsal fates and Sox17 can bind to the ARM repeats of b-catenin to inhibit TCF 
mediated gene expression {Zorn:1999ul}.  

Sox2 is expressed in a complementary pattern to many of the previously identified Wnt targets, 
the motif is enriched in the b-catenin ChIP data set and has been shown to inhibit Wnt target 
genes in other contexts, therefore I aimed to investigate whether sox2 may be regulating the 
Wnt/b-catenin target genes during gastrulation.  

Results/Discussion 

To assess the function of Sox2 during development, I made a G0 knockout of sox2 in Xenopus 
laevis using CRISPR/Cas9. There is only one homeolog of sox2 annotated in the genome, 
therefore guide RNA was designed to the sole version of sox2. Efficient editing was observed by 
surveyor assay when Cas9 protein was co-injected into embryos at the one-cell stage (Figure 
4.4A). Additionally, reduced expression of sox2 was observed by qPCR and RNA in situ 
hybridization (Figure 4.4A/B). Expression of sox2 was reduced to about 75% when Cas9 was co-
injected with guide RNA (Figure 4.4B) and an observed decrease in expression at stage 11.5 in 
whole embryos by RNA in situ hybridization (Figure 4.4C). Embryos injected into one 
blastomere at the two-cell stage had reduced expression of sox2 on the injected side, again, only 
when Cas9 protein was co-injected (Figure 4.4C).  

Mosaic knock-down of sox2 resulted in a bent axis at the tadpole stages of development in 
addition to slightly reduced eye size (Figure 4.5A). Gastrulation and neurulation all appeared 
normal with the bent axis only appearing at late tailbud/ tadpole stages. The bend in the tail 
occurs in the middle of the anterior-posterior axis just posterior to the gut (Figure 4.5A). In the 
majority of the cases the bend is at about at 90-degree angle. Formation of skeletal muscle 
appears normal by 12/101 antibody stain (Figure 4.5C). This is in strong agreement with the 
axolotl sox2 mutant phenotype {Fei:2014ce}. 

Different Sox transcription factors may compensate for one-another {Graham:2003vd, 
Bergsland:2011jo, McAninch:2014do} and because there are multiple Sox transcription factors 
expressed in overlapping domains during development, I made a double knockout for sox2 and 
sox3. Specifically, sox2 and sox3 are members of the SoxB1 family and share 90% homology, 
thus it is likely that these particular transcription factors compensate for each other. Editing of 
sox3 alone resulted in embryos that had reduced pigment cells, smaller eyes, and smaller anterior 
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structures (Figure 4.5B). The double knockout of sox2 and sox3 resulted in a combination of 
sox2 and sox3 phenotypes with no other obvious phenotypes revealed (Figure 4.5B). To be sure 
that the Sox transcription factors were not compensating for each other I measured the 
expression levels of sox2 and sox3 in either single or double mutants (Figure 4.6A). Expression 
of sox3 was not affected in sox2 knockouts, but it did appear that sox2 expression levels were 
reduced in sox3 knockouts (Figure 4.6A).   

To understand the molecular cause of the bent axis phenotype, I assessed the expression of the 
neural marker, ncam, and neural differentiation marker, n-tubulin (Figure 4.6B). Expression of 
ncam was initially increased in stage 12 sox2 knockdown embryos, but this increase in 
expression was transient and at stage 14, expression was the same in knockout and control 
embryos (Figure 4.6B). Expression of n-tubulin was reduced in embryos injected in one 
blastomere of a two-cell staged embryo with sox2 guide RNA and Cas9 protein (Figure 4.6C).    

To test the hypothesis that Sox2 may be regulating a subset of Wnt/b-catenin target genes, I 
observed the expression of Wnt target genes in sox2 knockout embryos (Figure 4.7A). By RNA 
in situ hybridization, expression of most Wnt target genes appeared unaffected by sox2 knockout 
at both gastrula and neurula stages (Figure 4.7A). While a Wnt target gene, pinhead (pnhd), 
appeared to be unaffected at gastrula stage in sox2 knockout embryos, expression of pnhd at 
early neurula stages appeared reduced (Figure 4.7A). Pnhd is essential for head development and 
knockdown results in microcephaly and overexpression results in enlarged heads 
{Kenwrick:2004fl}. In addition, pnhd is expressed in the developing neural crest and was 
identified in a screen identifying genes enriched in dissected neural plate tissue 
{Plouhinec:2014jq}. Fzd10 is another Wnt target gene expressed in the neural plate border and 
appeared slightly reduced in expression in sox2 knockout embryos (Figure 4.7A).  

Expression of other neural plate border genes should be examined as it may be a general trend 
that loss of sox2 results in diminished neural crest development. These experiments should be 
repeated and changes in expression should be quantified by qPCR.  However, overall the Cas9 
experiments were not sufficiently authoritative to justify further effort towards a publication. 
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Figure 4.1 

 

Figure 4.1 

Centrimo identified enriched motifs at the center of peak regions identified by enrichment of b-
catenin ChIP data. A. Sox2 and Sox3 motifs. B. Zic3 and Zic1 motifs.  
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Figure 4.2 

 

Figure 4.2 
A. Guide RNA design. X. laevis guide differs from X. tropicalis guide by 1 base pair in the 
middle. Light blue is T7 scaffold, blue is T7 promoter for in vitro transcription of guide RNA 
(gRNA), pink is for improved yield, and in green is the targeting homology sequence. B. 
Injection of gRNA and Cas9 protein traced with mcherry into one of two blastomeres at the two-
cell stage. C. Percent survival of slc45a2 guide only and slc45a2 guide plus Cas9 injected. D. 
Percent efficiency as assessed by mosaic albinism in eye. C/D. Embryos are from 3 different 
experimental days. E/F. Phenotype of embryos injected with slc45a2 gRNA with or without 
Cas9 protein into one of two blastomeres at the two-cell stage.  
  

40

60

80

scl45a2 gRNAslc45a2 gRNA 
+ Cas9

%
 s

ur
viv

al

0

25

50

75

100

one eye two eyes total
slc45a2 gRNA

%
 e

ffi
cie

nc
y

sl
c4

5a
2 

gR
N

A
sl

c4
5a

2 
gR

N
A 

+ 
C

as
9

total

slc45a2 gRNA + Cas9

mcherry

Brightfield

A. B.

C.

D.

E.

my guide:
CTAGCtaatacgactcactataGGGCTCCTCCAAGACCTGCAgttttagagctagaa

F.

slc45a2 gRNA slc45a2 gRNA + Cas9



54 

Figure 4.3 
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Figure 4. 

A. Phenotype of embryos injected with 250/500pg of either zic1 or zic2 mRNA into both 
blastomeres at the two-cell stage. B. Secondary axis induction assay. Injection mix indicated was 
injected into the 2-prospective ventral blastomeres at the 4-cell stage. C. Quantification of 
secondary axis induction. D. qPCR of indicated genes. Samples were normalized to ef1a and 
calculated as the relative amount compared to uninjected control (UC). E. Agarose gel of 
surveyor assay. Top arrow indicates expected PCR product and bottom arrow indicates cleaved 
PCR product generated with primers specific to the L copy of zic1. Top arrowhead indicates 
expected PCR product and bottom arrowhead indicates cleaved PCR product generated with 
primers specific to the S copy of zic1. F. Phenoytpe of embryo injected with zic1 gRNA either 
alone or with Cas9 protein. G. in situ hybridization of zic1 or pnhd at stage 11 and 16. Embryos 
were injected at the one-cell stage with either zic1 gRNA alone or with Cas9 protein.   
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Figure 4.4 

 

Figure 4.4 

A. Agarose gel of surveyor assay. Top arrow indicates expected PCR product. Bottom arrow 
indicates cleaved product. B. qPCR of sox2 expression level normalized to ef1a and relative to 
guide RNA injection alone. C. In situ hybridization using sox2 probe. Embryos were injected 
with sox2 gRNA either alone or with Cas9 protein. Asterisks indicate embryo was injected only 
on one side.  
  

sox2 gRNA sox2 gRNA + Cas9UC
R

el
at

iv
e 

am
ou

nt

0.00

0.25

0.50

0.75

1.00

1.25
sox2

+ 
stage 12 stage 14

Cas9 + - -
sox2 gRNA + + + + 

*

*

+ 
C

as
9

- C
as

9
A.

B.

C.

sox2 sox2



57 

Figure 4.5 

 
 
Figure 4.5 
A. Control and sox2 edited embryos. B. Control, sox3, and sox3/sox2 edited embryos. C. 
Confocal image of tadpoles stained with DAPI in white and 12/101 antibody in red.  
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Figure 4.6 

 
 
 
Figure 4.6 
A. qPCR of either sox2 (blue) or sox3 (green) expression level normalized to ef1a and relative to 
guide RNA injection alone. B. qPCR of ncam expression level normalized same as in A. C. In 
situ hybridization of n-tubulin probe on unilaterally injected sox2 gRNA either with or without 
cas9 protein.  
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Figure 4.7 
 

 
 
Figure 4.7 
A. in situ hybridization of Wnt target genes with embryos injected at the one-cell stage with 
either sox2 gRNA alone or with Cas9 protein.  
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CHAPTER 5 
 

Integration of Wnt and FGF signaing in the Xenopus gastrula at TCF and Ets 
binding sites shows the importance of short range repression in patterning the 

marginal zone 

Abstract 

During Xenopus gastrulation, the Wnt and FGF signaling pathways cooperate to induce 
posterior structures, but how they mediate the induction of effector genes is less studied.  Over-
activation of either pathway leads to anterior truncations while attenuation of either pathway 
leads to posterior defects. While there is some evidence that FGF acts upstream of Wnt 
signaling, it seems more likely that both pathways may also combinatorically regulate 
downstream genes. The expression patterns of previously characterized Wnt targets during 
gastrulation fall into two main categories: a horseshoe shape with a gap in expression at the 
dorsal midline, like Wnt8 expression, or a ring shape around the blastopore, like FGF8 
expression. Using ChIPseq on the FGF effector Ets2 we show that Ets2 binds near all Wnt target 
genes, and not just those with the ring pattern. In analyzing the patterns of Ets and previously 
described ChIP data on b-catenin, we found that b-catenin preferentially binds at the promoters 
of genes with a horseshoe pattern, but further from the promoter in genes with the ring pattern. 
By inhibition or over activation of either the FGF or Wnt signaling pathway we show that “ring” 
genes are responsive to manipulation of FGF signaling at the dorsal midline while “horseshoe” 
genes are predominantly regulated by Wnt signaling. We therefore make the hypothesis that in 
the absence of Wnt signaling at the dorsal midline, the DNA binding protein TCF binds to its 
targets, but in the absence of b-catenin, this actively represses gene activity only when close to 
the promoter; in contrast, genes without functional TCF sites specifically at the promoter are 
predominantly regulated by Ets at the dorsal midline and thus form a ring expression pattern. 
These results suggest recruitment of only short-range repressors to potential Wnt targets in the 
Xenopus gastrula. 

Introduction  

Both the Wnt and FGF signaling pathways regulate anterior-posterior pattering during 
gastrulation (Christen & Slack, 1997) of the vertebrate embryo. More specifically, both pathways 
contribute to posteriorization/caudalization of neural tissue (reviewed in (Niehrs, 2004)), as well 
as to mesodermal development (reviewed in (Harland, 2004)) and neural crest induction (review 
in (Pegoraro & Monsoro-Burq, 2012) and (Groves & LaBonne, 2014)). However, what is less 
well studied is whether these signaling pathways act stepwise, in series or combinatorially in 
parallel to transcriptionally activate downstream target genes.  

The FGF ligand signals through receptor tyrosine kinases to ultimately phosphorylate and 
activate the ETS family of transcription factors which comprise 30 different members (Ornitz & 
Itoh, 2015; Yordy & Muise-Helmericks, 2000). During gastrulation, multiple FGF ligands, but 
most notably the FGF8 ligand is expressed at the posterior end of the embryo (Christen & Slack, 
1997; Fletcher et al., 2006)and canonically signals through RAS-MAPK intracellular proteins 
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(Carballada, Yasuo, & Lemaire, 2001; Ribisi et al., 2000; Umbhauer et al., 1995). Subsequently, 
downstream of MAPK, Ets2 is phosphorylated and is essential for activating target genes 
involved in posterior patterning (Kawachi, Masuyama, & Nishida, 2003).  

In contrast to the FGF signaling pathway, the canonical Wnt signaling pathway is 
activated through a low-density lipoprotein receptor-related protein 5/6 (LRP5/6) and Frizzled 
receptor to ultimately stabilize b-catenin, the sole transcriptional activator (Hikasa & Sokol, 
2013). Subsequent to stabilization, b-catenin enters the nucleus where is competes with the 
repressors Groucho or CtBP for binding to TCF/LEF transcription factors (Brannon, Brown, 
Bates, Kimelman, & Moon, 1999; Clevers, 2006; S.-E. Kim et al., 2013; Roose et al., 2001).  

The repressive activity of TCF3 is essential for its role in dorsal-ventral and anterior-
posterior patterning. Genes normally activated by b-catenin on the dorsal side of the embryo and 
required for organizer function must be actively repressed on the ventral side of the embryo. The 
ability of TCF3 to recruit Groucho keeps these genes off, and if TCF3 is depleted, embryos are 
dorsalized due to ectopic expression of dorsal genes on the ventral side of the embryo (Houston 
et al., 2002). In addition, the zebrafish headless mutant has severe head defects due to a mutation 
in TCF3 and subsequent overactivation of Wnt target genes that suppress head formation (C. H. 
Kim et al., 2000).  

Although these pathways signal through different proteins, the FGF and Wnt signaling 
pathways often crosstalk through a myriad of different mechanisms to coordinate different 
developmental processes(Dailey, Ambrosetti, Mansukhani, & Basilico, 2005). For example, in 
pigment cell precursors, FGF signaling induces transcription of TCF, allowing Wnt signaling to 
activate target genes in C. intestinalis (Squarzoni, Parveen, Zanetti, Ristoratore, & Spagnuolo, 
2011). FGF and Wnt also act synergistically to promote proliferation, but act separately to 
determine cell lineage specification during limb development (Berge, Brugmann, Helms, & 
Nusse, 2008).  

During gastrulation crosstalk between the Wnt and FGF signaling pathways has been 
documented at different levels. For example, it has been shown that FGF is required downstream 
of Wnt signaling for induction of posterior neural markers (Domingos et al., 2001), while Wnt 
signaling is required downstream of FGF signaling for neural crest induction (Hong et al., 2008). 
In addition, there is evidence that both FGF and Wnt signaling directly activate expression of 
cdx2 (Keenan, Sharrard, & Isaacs, 2006; W. C. H. Wang & Shashikant, 2007). 

While targets of the Wnt/b-catenin signaling pathway at gastrulation have been 
identified, their expression patterns differ to an extent that may not be explained by Wnt 
signaling alone (Kjolby & Harland, 2016; Nakamura et al., 2016). A subset of the targets share a 
gapped circle, or horseshoe pattern around the blastopore, with the gap in expression at the 
dorsal midline, similar to expression of wnt8. However, expression of a small subset of targets 
resembles that of fgf8 as a ring around the blastopore. These observations initially led us to 
hypothesize that genes expressed in a horseshoe pattern are mostly Wnt activated while those in 
a ring pattern are additionally FGF activated.  

We aim to discover a mechanism to explain how different expression patterns of the Wnt 
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target genes are generated by the combinatorial activity of FGF8 and Wnt signaling. Using 
ChiPseq data, we first show that all Wnt target genes during gastrulation also have Ets2 binding 
sites in their regulatory regions. Second, by associating b-catenin with that of Ets2, we found 
Ets2 bound to the TSS of both horseshoe and ring genes, while b-catenin binds to the TSS of 
genes with a horseshoe pattern, while it binds more distantly to genes with the ring pattern. We 
suggest that promoter proximal binding of TCF allows for active repression in the absence of 
Wnt signaling at the dorsal midline, and this cannot be overcome by Ets2, while more distant 
recruitment of repressive TCF is ineffective in repressing Ets mediated activity. To support this, 
we show evidence that at the dorsal midline, the expression of genes with a ring pattern is 
regulated by FGF and that Ets2 cannot induce expression of horseshoe genes in this region, while 
Wnt signaling can. We therefore hypothesize that both horseshoe and ring genes are 
cooperatively activated by Wnt signaling in the ventral and lateral regions, while negative 
regulation by TCF binding represses horseshoe genes in the dorsal regions. In parallel ring genes 
are activated by both Wnt and FGF, but any repressive TCF binding in the dorsal domain is too 
distant from the promoter to inhibit gene activity.  

Results  

Wnt target gene expression falls into two categories; a ring pattern or a horseshoe pattern. 

To assess the gene expression pattern of previously identified Wnt target genes during 
Xenopus gastrulation, in situ hybridization was carried out for 18 target genes (Figure 5.1A and 
Sup. Figure 5.1A) (Kjolby & Harland, 2016). Expression patterns fall into one of two categories: 
a horseshoe pattern around the blastopore with a gap in expression at the dorsal midline or a ring 
shape pattern around the blastopore (Figure 5.1A, B). While the size of the gap and the thickness 
of the ring vary amongst Wnt target genes, these two categories are easily separated visually by 
in situ hybridization (Sup. Figure 1B and not shown). In addition to the whole mount in situ 
hybridization, we dissected mid-gastrula (stage 11.5) embryos to more accurately quantify gene 
expression in the different regions (Sup. Figure 5.1D). We compared three regions: dorsal 
(roughly 60 degrees), lateral, and ventral and measured gene expression by qPCR. Expression 
levels were normalized ef1a and compared to the ventral region. As expected chordin was 
expressed exclusively in the dorsal region while brachyury was slightly enriched in the ventral 
region and ngfr was slightly enriched in the dorsal region (Figure 5.1C and Sup. Figure 5.1C). 
While cdx2, pnhd and axin2 appear to be weakly expressed in the dorsal region compared to the 
ventral region by qPCR, we note that these values are relative to the ventral region and cannot be 
compared between the three different genes. Therefore, cdx2 could have more expression in the 
ventral relative to the dorsal at this stage, however still be expressed to a level that can be 
visualized by in situ hybridization.  

The expression pattern of wnt8, thought to be the main activator of the gastrula Wnt 
target genes, also has a horseshoe shape with the largest gap at the dorsal midline compared to its 
target genes as visualized by in situ hybridization and quantified by qPCR (Figure 5.1D, F). 
Wnt8 is a ligand, but the extent to which it may diffuse and signal in the embryo is limited (some 
reference (Mii & Taira, 2009). Therefore, we used a Wnt reporter to visualize the extent of active 
Wnt signaling around the blastopore. The transgenic Wnt reporter frog contains 8 X TCF motifs 
upstream of GFP (Tran, Sekkali, Van Imschoot, Janssens, & Vleminckx, 2010). To visualize 
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where Wnt signaling is active at gastrulation we fixed embryos and visualized the gfp mRNA by 
in situ hybridization. About 50% (13/26) embryos had strong expression in a horseshoe pattern 
around the blastopore while 15% (4/26) showed the same pattern, but weaker staining and about 
35% (9/26) showed no staining at all (Figure 5.1E and Sup. Figure 5.1E). We speculate that this 
is due to the uncharacterized integration number and genotype of this Wnt reporter frog. The 
expression domain is restricted to the marginal zone and expression was abolished in DKK 
injected embryos (Sup. Figure 5.1E).  

The lack of Wnt reporter expression at the dorsal midline and the extreme response to 
Wnt inhibition by DKK of the reporter led us to hypothesize that there may be other regulators of 
the Wnt target genes that are expressed circumferentially. A likely regulator is the FGF signaling 
pathway because fgf8 is expressed in a ring around the blastopore (Figure 5.1D) (Christen & 
Slack, 1997). We examined where FGF signaling was active at the gastrula stage by pERK 
staining and confirmed that FGF signaling is indeed active in a ring around the blastopore 
(Figure 5.1E). pERK staining was confirmed to be specific to FGF singling as the signal was 
abolished when embryos were incubated in the FGF inhibitor drug, SU5402 (Sup. Figure 5.1F). 
In addition, the qPCR data show that fgf8 is expressed more highly in the dorsal versus ventral 
region at this stage (Figure 5.1F). We therefore suspected that the expression patterns of the 
previously characterized Wnt target genes may be dictated by Wnt in the ventral and lateral 
mesodermal regions and FGF predominantly in the dorsal region. However, both activities may 
contribute in the lateral and ventral regions and be differently regulated in the dorsal region.  

Genome-wide identification of Ets2 binding site reveals co-localization with transcriptional 
start sites (TSS) and putative enhancers. 

To investigate whether the FGF signaling pathway could directly regulate either all or a 
subset of the Wnt target genes to generate the two categories of expression, we asked whether 
the downstream transcription factor of FGF signaling, Ets2 was bound near the Wnt target genes. 
We took a genome-wide approach and performed ChIPseq on a triple-FLAG-tagged Ets2. As 
previously reported, Ets2 acts downstream of FGF signaling during Xenopus mesoderm 
development (Kawachi et al., 2003). Indeed, overexpression (1ng) of the triple FLAG-tagged 
Ets2 results in a posteriorized phenotype very similar to FGF8b overexpression (Sup. Figure 
5.2A). For ChIP, embryos were injected with 750pg mRNA encoding a C-terminally triple-
FLAG-tagged Ets2, a dose that produced only a mild overexpression phenotype (data not 
shown). Expression of the FLAG-tagged Ets2 was confirmed by western blot (Sup. Figure 5.2B) 
and mid-gastrula (stage 11.5) embryos were collected for ChIP. Success of the ChIP was 
validated by qPCR of previously characterized FGF responsive regions (Sup. Figure 5.2C) 
(Degenhardt et al., 2010; Haremaki, Tanaka, Hongo, Yuge, & Okamoto, 2003). A final set of 
61208 peaks was called as the intersect of replicate 1 and 2 using the R package, ChipPeakAnno 
(Zhu et al., 2010) (Figure 5.2A). When assigning nearest gene to each peak, 36 percent of peaks 
were found to be upstream of the transcription start site (TSS), 26 percent were found to overlap 
with gene bodies (inside, mostly in introns), and 18 percent overlapped with the TSS (overlap 
Start) suggesting that Ets2 can bind to both enhancer and promoter regions (Figure 5.2B). In 
addition, when calculating the distance from nearest TSS to peak, there is strong enrichment at 
the TSS compared to random regions (Sup. Figure 5.2D) and Ets2 ChIP coverage nicely centers 
over p300 peaks, again compared to random regions, suggesting it is binding to enhancers 
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(Figure 5.2E). 

To further validate our ChIP results, we performed a de novo motif search using MEME-
ChIP by first extending peak regions 250 bp to either side of the summits of all Ets2 peaks 
(Machanick & Bailey, 2011). The most significant motif (E-value = 2.2e-3832) closely matched 
the Ets1 motif (MA0098.2) (Figure 5.2D). This is to be expected since there are no Ets2 motifs 
in the JASPAR database and Ets1 and Ets2 are highly conserved and often serve redundant roles 
(Hollenhorst et al., 2007; Tymms & Kola, 1994). 22814 (37%) peaks contain the Ets1 motif. 
This number may be low because closely matched motifs may be assigned to other Ets family 
transcription factors. Indeed, when mapping the distribution of Ets1 and ETS related motifs, 
many enrich at the summits of peaks (Figure 5.2D). In addition to Ets1 motif, the MEME 
program found other families of transcription factor motifs centrally enriched. The TFAP2 
family of transcription factor motifs are enriched at +/-50bp from the center of the peaks, while 
the TBX family of transcription factor motifs are enriched at +/-75 bp (Sup. Figure 5.2E).  

We next looked at the overlap between Ets2 peaks and a previously published b-catenin 
ChIP dataset (Kjolby & Harland, 2016). b-catenin ChIP sequencing reads were re-analyzed using 
the same methods as the Ets2 ChIP sequencing data. b-catenin coverage centered over p300 
peaks confirming that b-catenin binds at enhancers (Sup. Figure 5.2F). A small percentage of 
Ets2 and β-catenin peaks (1.7% and 26% respectively) overlap; a total of 1021 peaks (Figure 
5.2F). However, when looking at the coverage of all ChIP reads, b-catenin coverage centers over 
Ets2 peaks as well as Ets2 coverage centering over b-catenin peaks (Figure 5.2G). Therefore, we 
conclude that while there are unique sets of Ets2 and b-catenin peaks, there is an additional 
subset that is shared between the two transcriptional activators.  

Differential binding of b-catenin and Ets2 at the promoters of ring genes. 

To more specifically investigate the role of differential regulation by Wnt and FGF on the 
Wnt target gene expression patterns, we narrowed down our list of putative regulatory regions to 
those that are only within 50 kb of either side of the Wnt target gene set; 654 unique Ets2 peaks, 
27 unique b-catenin peaks and 115 co-bound peaks remain (Figure 5.3A). When compared to 
genome-wide peak overlap, this is a significant enrichment of co-bound regions (p-value = 6e-
205). Surprisingly, all Wnt target genes that have b-catenin ChIP peaks within 50kb of either 
side of the coding gene also have an Ets2 peak, and as the number of b-catenin peaks increases, 
so do the Ets2 peaks (R2= 0.127, p-value= 0.004101) (Figure 5.3B). Next, we looked at the 
distribution of binding sites compared to the TSS of all Wnt target genes. Both b-catenin (as 
previously reported) and Ets2 are enriched near the TSS compared to random regions (Figure 
5.3C and Sup. Figure 5.3A).  

To determine whether there are differences in binding of Ets2 and b-catenin at promoters 
that could explain the expression patterns, we plotted the coverage of sequencing reads for Ets2 
and b-catenin around the TSS regions of either ring or horseshoe genes (Figure 5.3D). While the 
coverage of Ets2 at the TSS for ring genes is greater, the coverage for b-catenin at the TSS is 
greater for horseshoe genes (Figure 5.3D and Sup. Figure 5.4A, B). The enrichment of b-catenin 
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around the TSS becomes even more apparent when comparing regions 6kb from either side of 
the TSS (Sup. Figure 5.3B).  

For example, when looking at the pileup of ChIP sequencing reads and called peaks of a ring 
gene, cdx2, there is a pile up of reads at the TSS for Ets2, but not for b-catenin, while for pnhd, a 
horseshoe gene, there is a pileup of reads and a peak for both Ets2 and b-catenin (Figure 5.3E). 
To further support this finding, we counted the number of Ets1 or TCF7L1 motifs found around 
the TSS of either horseshoe or ring genes to see whether horseshoe genes would have more TCF 
motifs than ring genes (Figure 5.3F). Indeed, while there are about equal numbers of Ets1 motifs 
around the TSS for both horseshoe and ring genes, there are more TCF7L1 (TCF3) motifs 
discovered surrounding the TSS of horseshoe genes (Figure 5.3F).  

We therefore make the hypothesis that in the absence of Wnt signaling at the dorsal 
midline, genes with a b-catenin binding site are negatively regulated by TCF and therefore form 
a horseshoe pattern. Even though there is an Ets binding site at the TSS as well, perhaps it cannot 
overcome the negative regulation by the local recruitment of Groucho by TCF. Genes without a 
b-catenin binding site near the promoter are therefore not negatively regulated at the TSS at the 
dorsal midline, and Ets2 can activate their expression resulting in a ring pattern.  

Contributions of active Wnt/b-catenin, repression in the absence of Wnt signals, and FGF 
signaling in the marginal zone. 

To test the contribution of FGF signaling to the expression patterns of Wnt target genes, 
we incubated embryos starting at stage 10 (at the first sign of blastopore lip formation) in an 
FGFR inhibitor, SU5402 (Mohammadi et al., 1997). Interestingly, for ring genes such as cdx2 
and ngfr, although overall expression is reduced due to FGF inhibition (visualized by in situ 
hybridization and quantified by qPCR), the resultant pattern of remaining expression is a 
horseshoe pattern (Figure 5.4A, B). For genes that are normally expressed in a horseshoe pattern 
such as pnhd and cdx1, SU5402 appears to only slightly reduce the in situ hybridization signal, 
however by qPCR they are reduced to about 60% of control (Figure 4B). It is well known that 
FGF regulates wnt8 expression and while the size of the dorsal gap in expression does not appear 
to change for wnt8, by qPCR, wnt8 expression is reduced by half at this dose of SU5402 (Figure 
5.4A, B) (Hong et al., 2008). These data also suggest that the gap formed in ring genes as a result 
of FGF inhibition is due to lack of FGF signaling, not secondarily by loss of Wnt signaling. To 
further confirm the result that there is greater loss of expression at the dorsal region for ring 
genes, we dissected gastrula (stage 11.5) control or FGF inhibited embryos. Again, we cut the 
embryos into three regions: dorsal (roughly 60 degrees), lateral, and ventral and assessed 
changes in gene expression due to FGF inhibition by qPCR. Indeed, while horseshoe genes such 
as pnhd and wnt8 were reduced in expression in roughly the same amount in all three sections, 
ring genes such as bra, cdx2, and ngfr had the most change in expression in the dorsal sections 
(Figure 5.4C).  

We next tested the contribution of Wnt signaling to the expression patterns of the Wnt 
target genes. We injected 100pg of dkk into all blastomeres of a 4-cell staged embryo and 
performed in situ hybridization. Expression of both ring and horseshoe genes was not completely 
abolished as it was for the Wnt reporter even though the same dose was used (Figure 5.4D and 
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Sup. Figure 5.1E, 5A). In addition, for ring genes, expression was reduced mainly in the ventral 
and lateral regions while expression remained in the dorsal midline (Figure 5.4D). This further 
suggests that expression in the dorsal midline domain is not controlled by Wnt signaling, but 
rather by FGF.  

One prediction from these results is that if we induce a second organizer, where zygotic 
Wnt expression is inactivated, then we should be able to induce a second gap in horseshoe genes 
but not ring genes. To mimic the early Nieuwkoop center signal, we injected b-catenin mRNA at 
the 4-cell stage into the two prospective ventral blastomeres and traced our injection with b-gal 
(Figure 5.4). Injection of b-catenin indeed produced a second organizer as evidenced by ectopic 
chordin and gsc expression at the site of injection (Figure 5.4E and Sup. Figure 5.5A). This 
second organizer did not generate a gap in expression for ring genes such as cdx2, but for 
horseshoe genes such as axin2 and pnhd, an ectopic gap in expression was formed at the site of 
injection (Figure 5.4E and Sup. Figure 5.5B).  

These data show that when we inhibit FGF signaling, a gap in expression is formed in 
ring genes, while if we remove Wnt signaling to a level that abolished reporter expression, there 
is still residual expression of both horseshoe and ring genes; notably at the dorsal region for the 
ring genes. In addition, if we generate a second organizer and thus a secondary gap in wnt8 
expression, we form an ectopic gap in in horseshoe gene expression. This suggests that ring 
genes require FGF signaling at the dorsal midline and both FGF and Wnt in the lateral and 
ventral domains to form the correct pattern, while horseshoe genes simply require proper Wnt 
signaling for the correct induction of ventrolateral expression and repression of dorsal 
expression.  

FGF/Ets is not sufficient for expression of the horseshoe Wnt target genes at the dorsal 
midline, while Wnt signaling is.  

To test whether Ets2 is sufficient for expression of the horseshoe Wnt target genes at the 
dorsal midline, we injected ets2 mRNA together with b-gal tracer in the two prospective dorsal 
blastomeres at the 4-cell stage. While overexpression of ets2 appears to increase expression at 
the dorsal midline for ring genes such as cdx2, Ets2 overexpression cannot ectopically induce 
expression of horseshoe genes at the dorsal midline (Figure 5.5A). Additionally, dorsal injection 
of ets2 was able to rescue the gap formed at the dorsal midline as a result of FGF inhibition by 
SU5402 for ring genes (Sup. Figure 5.6A). Occasionally we saw ectopic expression in more 
anterior regions at the dorsal midline suggesting that this region has other competence factors 
that more easily allow Ets2 to activate expression (Sup. Figure 5.6B). However, in contrast to the 
inability of Ets2 to activate dorsal expression of horseshoe genes, the gap was easily filled in 
when Wnt signaling was over-activated by incubation in the Wnt agonist, BIO (Figure 5.5B).  

Ets2 is sufficient for expression of ring genes in dorsal mesoderm explants but not for 
horseshoe genes. 

Animal cap experiments are a powerful tool to study gene regulation during Xenopus 
development, and they can be removed and manipulated to form different tissue types. To 
determine the ability of Ets2 to drive expression of ring pattern genes but not horseshoe pattern 
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genes, we induced animal caps to form mesoderm with either dorsal or ventral character to serve 
as substrates for the assay (Figure 5.6A, B). To form dorsal mesoderm, embryos were first 
dorsalized by incubation in 0.3M LiCl between 8-16-cell stage for 6 min. At this dose and 
duration of incubation, embryos had an average DAI of 8.5 compared to 5.1 for control, 5.8 for 3 
min treatment and 9.3 for 10 min treatment (Sup. Fig 5.7A). For ventral mesoderm, embryos 
were treated with UV light 1 hour after fertilization (incubated at 16C) before cortical rotation 
was completed. The dose of UV produced a DAI of 1compared to control DAI 5 (Sup. Fig 5.7B).  

Early blastula animal caps were then cut from either LiCl treated or UV treated embryos 
and cultured in 2 ng/ml Activin. This dose of Activin was sufficient to elongate animal caps and 
to turn on the skeletal muscle marker, 12/101 in animal caps derived from either control or UV 
treated embryos (Sup. Fig 5.7D). When animal caps derived from dorsalized embryos were 
incubated in 2ng/ml Activin they also turned on markers of dorsal mesoderm such as Tor70 
(Sup. Fig 5.7D) (Bolce, Hemmati-Brivanlou, Kushner, & Harland, 1992). In addition, dorsal 
animal caps expressed the dorsal mesodermal marker, chordin, and all animal caps treated with 
Activin expressed the mesodermal marker, bra (Figure 6C). To further ensure that ventral 
mesoderm caps had Wnt activity, ventralized embryos were also injected with an activator form 
of goosecoid, vp1pgsc, which promotes expression of wnt8, and to ensure that there was no Wnt 
activity in the dorsal mesodermal caps, dorsalized embryos were injected with gsc, known to 
directly inhibit expression of wnt8 (Yao & Kessler, 2001). Indeed, in both ventralized and 
dorsalized mesodermal animal caps, vp16gsc induced expression of wnt8 compared to caps 
derived from embryos injected with gsc (Sup Figure 5.7E).   

Having established the substrate for the assay, we then tested the expression levels of 
cdx2 and pnhd in our dorsal versus ventral mesodermal caps. Based on whole mount in situ 
hybridization expression patterns and our dissections, we expect that both cdx2 and pnhd are 
expressed to a greater level in the ventral mesodermal caps compared to the dorsal mesodermal 
caps. Indeed, both are significantly more highly expressed, as assayed by qPCR, in the ventral 
mesodermal caps as there is Wnt activity regulating this expression (Figure 5.6D).  

To test whether ets2 could further increase expression we co-injected ets2 with either gsc 
in our dorsal mesodermal caps or with vp16gsc in our ventral mesodermal caps. Based on our 
previous results, we expect that cdx2 should be responsive to ets2 induction while pnhd is not 
responsive in the absence of Wnt signaling. Indeed, in the dorsal mesodermal caps, the addition 
of ets2 significantly increased expression of cdx2, but not pnhd (Figure 5.6D). We hypothesize 
that this is because of active repression by TCF at the promoters of horseshoe genes such as 
pnhd. In the ventral mesodermal caps, we expected that ets2 might increase expression in an 
already high Wnt environment. While not statistically significant, ets2 does modestly increase 
expression of cdx2 in ventral mesodermal caps, however it does not increase expression of pnhd 
(Figure 5.6D). We speculate that Wnt signaling is high in these caps and expression is already 
saturated such that addition of ets2 has minimal effect. Thus overall, these experiments confirm 
the different responsiveness of horseshoe and ring genes in dorsal and ventrolateral tissues. 
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Discussion 

Both the Wnt and FGF signaling pathways induce and are required for posterior fates in 
the embryo. They are both expressed around the blastopore of gastrula staged embryos. 
However, whether these pathways act directly on a set of common target genes to achieve this 
was not clear, and some studies had suggested a sequential pathway. In addition, while 
overexpression or inhibition of either pathway results in similar phenotypes, there are obvious 
differences that could be a result of differential regulation on a set of common target genes. Our 
results suggest that there is a set of common targets that regulated in at least one of two ways: 1) 
The common target is expressed in a ring pattern around the blastopore being activated by FGF 
and Wnt in the lateral and ventral regions and by FGF alone in the dorsal region or 2) the 
common target is expressed in a horseshoe pattern, again being activated by Wnt and FGF in the 
lateral and ventral regions, but is repressed in the dorsal region by lack of Wnt signaling. The 
difference in patterns can be accounted for by differential binding of TCF3 to the promoters of 
horseshoe genes and ring genes.  

Activity of signaling pathways mimic two categories of expression patterns 

By comparing the expression patterns of previously identified Wnt target genes, we 
found that the patterns fall into two main categories that mimic the expression patterns for wnt8 
and fgf8 (Figure 5.1A, D). The patterns more closely mimic the patterns of the active signaling 
pathways where Wnt is active in the lateral and ventral regions and FGF is active around the 
entire blastopore with the highest activity in the dorsal region (Figure 5.1E). When removing 
FGF signaling by incubation in an FGF inhibitor, ring pattern genes now appear as horseshoe 
pattern genes, suggesting that this part of the pattern is driven by Wnt (Figure 5.4A). In contrast, 
when we inhibit Wnt signaling, ring pattern genes lose expression predominantly in the lateral 
and ventral region, while maintaining expression in the dorsal region suggesting that a large 
fraction of this lateral and ventral expression is regulated by Wnt signaling (Figure 5.4D). 

Combinatorial regulation by Wnt and FGF 

Our data suggest that Wnt and FGF both act directly on a common set of target genes 
during Xenopus gastrulation. While FGF may also contribute to activating Wnt gene expression 
and vice-versa, our ChIP data shows that both b-catenin and Ets2 bind regulatory regions of a 
common set of genes (Figure 5.3). In fact, we show evidence that FGF does regulate wnt8 
expression as embryos incubated in the FGF inhibitor, SU5402, showed reduced expression of 
wnt8 by both in situ hybridization and qPCR (Figure 5.4A, B, C). However, this does not 
preclude the possibility of the two pathways acting directly at the transcriptional level.  

FGF may not be the only other signaling pathway involved in forming the expression 
patterns of the Wnt target genes. The Wnt/b-catenin signaling pathway has also been shown to 
interact with the BMP signaling pathway to directly activate target genes during gastrulation, 
such as msx2 (Hussein et al., 2003). It will be interesting to follow up with ChIP experiments to 
ask what subset of Wnt/b-catenin targets are also directly regulated by BMP signaling since 
BMP activity is greatest in the ventral region of the gastrula (Faure, de Santa Barbara, Roberts, 
& Whitman, 2002). 
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Ets2 cannot overcome active repression by TCF3 at promoters  

The repressive activity of TCF in the absence of beta catenin was first shown by Brannon 
and Kimelman, where TCF binding sites were required for repression of Siamois on the ventral 
side of the early gastrula (Brannon et al., 1997). In Drosophila, mutation of dTcf binding sites in 
the dpp enhancer also results in ectopic reporter expression (X. Yang et al., 2000). In another 
study mutating Pan/dTCF sites in an eve reporter suggested that in the absence of Wg/Wnt 
signaling, Pan/dTCF serves to abrogate synergistic activities of Smads and Tin in eve activation 
(Knirr & Frasch, 2001).   

A particularly pertinent example in Xenopus is the study of the cdx4 intronic regulatory 
region, where the authors showed that injection of TCF3 reduces the activation of a cdx4 intronic 
reporter by bFGF (Haremaki et al., 2003). While cdx4 is not in our list of Wnt targets because it 
did not pass a significance threshold for differential expression in our original RNAseq analysis 
(Kjolby & Harland, 2016), cdx4 is known to be regulated by both Wnt and FGF signaling 
(Haremaki et al., 2003; Keenan et al., 2006; Shimizu, Bae, Muraoka, & Hibi, 2005), is expressed 
in a ring around the blastopore (Northrop & Kimelman, 1994), and lacks a b-catenin ChIP 
coverage at the TSS. At first sight, this conflicts with our finding that cdx4 would not be 
repressed by TCF3 in the dorsal region (Figure 5.3D), but in the reporter experiments, Haremaki 
et al. fused the intronic enhancer to the reporter, such that the TCF binding site is now close to 
the TSS, making it subject to TCF repression in the absence of Wnt signaling. This enhancer is 
also found to be a TCF/b-catenin binding region in our experiments, but in the normal cdx4 gene 
is located 4kb downstream of the TSS, making it refractory to TCF mediated repression. In 
retrospect, these experiments provide a good test and verification of our model for the repressive 
activity of TCF only in proximity to the promoter.  

Our data suggests that this type of negative regulation is occurring for horseshoe genes 
where TCF3, and Groucho or CtBP at the promoters of these Wnt/FGF target genes, represses 
their expression at the dorsal midline. Even though these genes are also targets of FGF signaling, 
it appears that even over expression of Ets-2 is not sufficient to overcome the repression by the 
TCF3 complex (Figure 5.5A, 6D). While Groucho was initially thought to act as a long-range 
repressor (Barolo & Levine, 1997) it has also been described as acting locally over short ranges 
rather than in a dominant long-rang fashion (Nibu, Zhang, & Levine, 2001). In addition, with the 
increase in resolution of ChIP data in recent years, others have found that Groucho does not 
appear to oligomerize along DNA but rather appear in discrete peaks that span less than a 
kilobase (Kaul, Schuster, & Jennings, 2015). Alternatively, the short-range repressor CtBP may 
be the dominant corepressor bound in this context and subject the promoter to short-range 
repression (Brannon et al., 1997; Nibu et al., 2001). 

Our initial goal with these experiments was to identify all the Wnt and FGF target genes 
in posterior development of the gastrula.  All of the targets that we found are expressed in a ring 
of posterior mesoderm or ectoderm during gastrulation, though several of them are excluded 
from the organizer region.  The induction of posterior development is a property of the entire 
marginal zone (Kolm & Sive, 1997), while the organizer region can promote anterior 
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development in part by the exclusion of signal transcripts like wnt8 and wnt3 from the organizer, 
and protection of the anterior domain from posterior signals by the expression of Wnt 
antagonists.  Although the organizer does progressively become differentiated into anterior and 
posterior domains of gene expression and signaling activity (Zoltewicz, 1997), the exclusion of a 
subset of Wnt and FGF target transcripts from the organizer is likely to be important to continue 
to protect anterior regions from posterior determination. As development proceeds, the Wnt and 
FGF targets further alter their expression (Kjolby & Harland, 2016) to mediate such events as 
Neural crest induction, or further posterior development of the tailbud.  The network of signaling 
and enhancer activity that leads to neural crest formation is now being dissected (Simões-Costa 
& Bronner, 2015), but the determinants of differences between neural crest, and posterior germ 
layer differentiation remains a topic for further understanding. 
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Figure 5.1  
 

 
Figure 5.1: Wnt target gene expression falls into two categories; a ring pattern or a 
horseshoe pattern  
A. In situ hybridization of Wnt target genes at mid gastrula (stage 11.5). Expression patterns fall 
into two main categories; ring and horseshoe shape around the blastopore. B. Schematic of 
expression pattern for a ring versus horseshoe gene at mid gastrula. C. qPCR data from 8 
embryos dissected into dorsal, lateral, and ventral marginal zone pieces. Ef1a was used as an 
internal control and values were normalized to the ventral pieces. D. RNA in situ hybridization 
pattern for wnt8 and fgf8. E. Activity of Wnt and Fgf signaling pathways at mid-gastrula. Left: 
RNA in situ hybridization for GFP reporter of Wnt activity is a horseshoe pattern. Right: pERK 
staining for activity of Fgf pathway in in a ring pattern. F. qPCR on same sample as in B. for fgf8 
and wnt8.  
  

axin2

bra

cdx2

ngfr cdx1

esr5 fzd10

msx2

pnhd

vent1.1

znf703

loc733709

wnt8 fgf8

wntR pERK

A. B.horseshoe genering gene

C.

0.00

0.25

0.50

0.75

1.00 bra

position
dorsal
lateral
ventral

0.00

0.25

0.50

0.75

1.00 cdx2
0.00

0.25

0.50

0.75

1.00 pnhd

0.00

0.25

0.50

0.75

1.00
wnt8

ngfr

0

1

2

3
fgf8

0.0

0.5

1.0

1.5

R
el

at
iv

e 
am

ou
nt

0.00

0.25

0.50

0.75

1.00 axin2

D.

E.

horseshoe genering gene

F.



72 

Figure 5.2 

 
Figure 5.2: Chromatin Immunoprecipitation and sequencing (ChIPseq) of a FLAG-tagged 
Ets2 at mid gastrula identifies Ets2 bound regions. A. Number of Ets2 ChIP peaks identified 
by MACS2 in each replicate and the overlap. B. Percentage of peak overlap with various 
genomic features. C. Using MEME-ChIP, Ets1 (MA0098.2) motif is identified as enriched in 
Ets2 ChIPseq peaks. D. Graph generated by CentriMo showing the probability of finding a given 
motif in the Ets2 peak region. ETS family transcription factors that were centrally enriched are 
shown. E. Heatmaps of Ets2 ChIP sequencing coverage on p300 peaks compared to random 
regions. F. Overlap of Ets2 ChIP peaks and β-catenin ChIP peaks. Both sets of data were 
analyzed using MACS2 and ChIPpeakAnno R package. G. Heatmap of Ets2 coverage on β-
catenin peaks and β-catenin coverage on Ets2 peaks.  
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Figure 2: Chromatin Immunoprecipitation and sequencing (ChIPseq) of a FLAG-tagged Ets2 at mid gastrula 
identifies Ets2 bound regions. 
A. Number of Ets2 ChIP peaks identified by MACS2 in each replicate and the overlap. B. Percentage of peak 
overlap with various genomic features. C. Using MEME-ChIP, Ets1 (MA0098.2) motif is identified as enriched in 
Ets2 ChIPseq peaks. D. Graph generated by CentriMo showing the probability of finding a given motif in the Ets2 
peak region. ETS family transcription factors that were centrally enriched are shown. E. Heatmaps of Ets2 ChIP 
sequencing coverage on p300 peaks compared to random regions. F. Overlap of Ets2 ChIP peaks and β-catenin 
ChIP peaks. Both sets of data were analyzed using MACS2 and ChIPpeakAnno R package. G. Heatmap of Ets2 
coverage on β-catenin peaks and β-catenin coverage on Ets2 peaks. 



73 

Figure 5.3 
 

 
 
Figure 5.3: Differential overlap of Ets2 and 𝛃-catenin ChIP data at the promoters of Wnt 
target genes. A. Overlap (115) of Ets2 and β-catenin subsets of peaks near previously identified 
Wnt target genes. B. Number of Ets2 and β-catenin peaks near individual Wnt target genes. 
Genes in red are the targets that have in situ hybridization patterns described here. C. Histogram 
of distance to transcriptional start site (TSS) of both Ets2 and β-caten ChIP peaks again using 
subset of peaks near Wnt target genes. D. Wnt target genes were first separated based on having 
either a ring or horseshoe expression pattern. Then the coverage at +/- 1 kb from the TSS of each 
gene was calculated and plotted for both Ets2 and	β-catenin ChIP. Blue is Ets2 coverage and 
green is b-catenin coverage. E. Genome-browser view of Ets and β-catenin coverage around TSS 
of a ring gene (cdx2) and a horseshoe gene (pnhd). F. Number of Ets or TCF7L1(TCF3) motifs 
around TSS for horseshoe or ring genes.  
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Figure 5.4 
 

 
 
Figure 5.4: Contributions of active Wnt/b-catenin, repression in the absence of Wnt signals, 
and FGF signaling in the marginal zone. 
A. RNA in situ hybridization on mid-gastrula staged embryos incubated in either DMSO or 
50uM SU5402 at stage 10.5 until collection B. Embryos were treated as in A, but collected in 
Trizol for RNA extraction. Data shown is from three replicates of single embryos. C. Schematic 
of stage 11.5 gastrula disections. Again, embryos were either incubated in DMSO or 50uM 
SU5402 starting at stage 10.5 untill dissection at stage 11.5. qPCR data from dorsal, lateral, or 
ventral equatorial dissections.  D. In situ hybridization on gastrula stage embryos injected with 
100 pg dKK in all 4 blastomeres of a 4-cell staged embryo. Arrows are pointing the ventral 
domain. Sections were made by bisecting embryos. E. In situ hybridization on gastrula stage 
embryos injected in both ventral blastomeres at the 4-cell stage with β-catenin and β-gal tracer.  
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Figure 5.5 
 

 
 
Figure 5.5: FGF/Ets is not sufficient for expression of the horseshoe Wnt target genes at the 
dorsal midline, while Wnt signaling is.  
A. In situ hybridization on gastrula stage embryos injected with ets2 mRNA and b-gal tracer in 
the two dorsal blastomeres at the 4-cell stage. Sections are of whole embryos pictured. B. In situ 
hybridization on gastrula stage embryos incubated in the Wnt agonist BIO starting at stage 8-9 
until collection.   
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Figure 5.5 
 

 
 
Figure 5.6: Ets is sufficient for expression of ring genes in dorsal mesoderm explants but 
not for horseshoe genes. 
A. Schematic of location of dorsal versus lateral/ventral mesoderm in mid-gastrula stage 
embryos. B. Schematic of experiment to make either dorsal versus ventral mesoderm from 
animal cap explants. C. qPCR from triplicate experiments showing expression of either chordin 
or brachyury in Activin treated caps derived from either control, dorsalized (LiCl) or ventralized 
(UV) embryos. D. qPCR from triplicate experiments showing expression of either cdx2 or pnhd 
from dorsal and ventral mesodermal caps with or without the addition of ets2 mRNA. * P<0.05, 
students t-test.   
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Supplemental Figure 5.1 
 

 
 
 
Supplemental Figure 5.1 
A. In situ hybridization of Wnt target genes at mid gastrula (stage 11.5). B. Angle of dorsal 
midline gap was measured from the center of the blastopore. Error bars are standard error of the 
mean. C. qPCR data from 8 embryos dissected into dorsal, lateral, and ventral marginal zone 
pieces. Ef1a was used as an internal control and values were normalized to the ventral pieces. D. 
Schematic of dissections made at stage 11.5. E. RNA in situ hybridization for GFP reporter of 
Wnt activity. Activity is abolished with 100pg dkk injection. Activty of reporter does not appear 
to be affected by treatment with SU5402. F. pERK staining for activity of Fgf pathway. Activity 
is abolished as a result of incubation in 75uM SU5402.  
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Supplemental Figure 5.2 
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Supplemental Figure 5.2 
A. Phenotype of ets2-3XFLAG and fgf8b injected embryos. B. Western blot using FLAG 
antibody of lysates collected from embryos injected with different amounts of ets2-3XFLAG. C. 
ChIPqPCR results as a percent of input. Putative Ets binding regions were compared to regions 
1kb away. *P<0.05. D. Histogram of distance to transcriptional start site (TSS) of both Ets2 and 
β-caten ChIP peaks compared to random regions. E. Using MEME-ChIP, TFAP2 family and 
TBX family motifs are enriched in Ets2 ChIPseq peaks. Graphs were generated by CentriMo 
showing the probability of finding a given motif in the Ets2 peak region. F. Heatmap of b-
catenin ChIP sequencing coverage on p300 peaks.  
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Supplemental Figure 5.3 
 

 

 
 
Supplemental Figure 5.3 
A. Histogram of distance to transcriptional start site (TSS) of both Ets2 and β-caten ChIP peaks 
using subset of peaks near Wnt target genes compared to random regions. B. Wnt target genes 
were first separated based on having either a ring or horseshoe expression pattern. Then the 
coverage at +/- 6 kb from the TSS of each gene was calculated and plotted for both Ets2 and	β-
catenin ChIP.  
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Supplemental Figure 5.4 
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Supplemental Figure 5.4 
A/B. Genome-browser view of Ets and β-catenin coverage around ring genes (A) and horseshoe 
genes (B). 
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Supplemental Figure 5.5 
 
 

 
 
 
Supplemental Figure 5.5 
A. In situ hybridization on gastrula stage embryos injected with 100 pg dKK in all 4 blastomeres 
of a 4-cell staged embryo. B. In situ hybridization on gastrula stage embryos injected in both 
ventral blastomeres at the 4-cell stage with β-catenin and β-gal tracer.  
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Supplemental Figure 5.6 

 
 
Supplemental Figure 5.6 
A. In situ hybridization on gastrula stage embryos injected with ets2 mRNA and b-gal tracer in 
the two dorsal blastomeres at the 4-cell stage. Embryos were further cultured in either DMSO or 
SU5402. Sections are of whole embryos pictured and made by bisecting embryo. B. In situ 
hybridization on gastrula stage embryos injected with ets2 mRNA and b-gal tracer in the two 
dorsal blastomeres at the 4-cell stage. Sections are of whole embryos pictured and made with the 
vibratome.  
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Supplemental Figure 5.7 
 

 
 
Supplemental Figure 5.7  
A. Phenotype of embryos dorsalized with 0.3M LiCl at the 8-16 cell stage for indicated time. B. 
Phenotype of embryo ventralized with UV treatment with Auto Crosslink setting using the UV 
Stratalinker 1800 (see materials and methods). C. Phenotype of embryos injected with either gsc 
or vp16gsc. D. Brightfiled and fluorescent images of animal caps immunostained with Tor70 and 
12/101. E. qPCR from triplicate experiments showing expression of wnt8 from dorsal and ventral 
mesodermal caps with or without the addition of ets2 mRNA. * P<0.05, students t-test.   
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