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Abstract

The canonical Wnt/p-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 B-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/B-catenin signaling pathway using a genome-
wide approach. We selected putative targets using the criteria of reduced expression upon zygotic
Whnt knockdown, B-catenin binding within 50kb of the gene, and expression in tissues that receive
Whnt signaling. Using these criteria, we found 21 novel direct transcriptional targets of Wnt/p-
catenin signaling during gastrulation and in addition have identified putative regulatory elements
for further characterization in future studies.
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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 Xernopus 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 and Monsoro-Burg, 2012 and Groves and LaBonne, 2014). To better understand
the mechanisms by which Wnt signaling patterns and specifies these different tissues, this
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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, p-
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 and Sokol, 2013). As a
consequence, GSK3, which normally phosphorylates p-catenin to target it for destruction, is
inhibited, allowing for stabilization of p-catenin and its subsequent translocation into the
nucleus, where it binds to TCF/LEF transcription factors (Clevers, 2006; 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., 1998). 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 et al., 2001;
Mao et al., 2002; Seménov et al., 2001).

In this study we sought to identify direct transcriptional targets of the canonical Wnt/p-
catenin signaling pathway by taking advantage of the recent release of X. /aevis 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
Whnt signaling (Park et al., 2012; Gentsch et al., 2013; Chiu et al., 2014; Schuijers et al.,
2014). Second, target genes in our candidate list must have a B-catenin binding site within
50 kb of the gene (Park et al., 2012; Gentsch et al., 2013; X. Zhang et al., 2013; Schuijers et
al., 2014; Chiu et al., 2014). Third, direct target genes must also be expressed in a tissue
where Whnt 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/p-catenin signaling pathway, but
also to start characterizing putative enhancers of these target genes.

Transcriptome analysis of Wnt knockdown embryos reveals candidate canonical Wnt/g-
catenin target genes involved in mesoderm and neural development.

To determine the targets of canonical Wnt/B-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 (Glinka et al., 1998; Brott and Sokol, 2002). 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. 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 cax2, hoxal, and axinZ2 in single embryos (data not shown) by RT-qPCR of a
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fraction of the RNA, the remaining RNA was used for transcriptome sequencing
(GSE77365) (Fig. 1A).

To identify differentially expressed genes, we followed a standard pipeline for analysis (Fig.
1B) using the recently released X. /aevisversion 9.1 genome assembly (Anders and Huber,
2010; Anders et al., 2015; Session et al., 2016 (submitted) ). Ninetyseven genes were
significantly altered in expression (Sup. Table 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 p-
catenin (Fig. 1C, E, and Sup. Fig. 2). Indeed, around 30% (n=27/97) of these genes have
been previously reported to be canonical Wnt targets (Table 1, Sup. Table 1) (Hikasa and
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. 1C,D, and
Sup. Fig. 1C). To validate the RNAseq results, expression levels of a set of both known and
candidate target genes were tested by gPCR, comparing expression in uninjected control
embryos to those injected with 100pg dkk (Fig. 1F). In each case, the target genes showed
reduced expression compared to uninjected control (Fig. 1F).

Genome-wide binding pattern of p-catenin revels candidate enhancers of Wnt/B-catenin

signaling.

To further investigate whether the candidate target genes from the transcriptome analysis are
direct transcriptional targets of p-catenin, we reasoned that a target gene would have a -
catenin binding region within 50kb of the gene. Therefore, we used a triple FLAG-tagged -
catenin and anti-FLAG antibody for Chromatin Immunoprecipitation followed by
sequencing (ChlPseq) (GSE77365). Embryos were injected with 500 pg of mRNA encoding
a C-terminally FLAG-tagged p-catenin, which, as previously shown, does not induce a
secondary axis or posteriorization when injected animally at the two-cell stage (Goentoro
and Kirschner, 2009; Young et al., 2014) (Fig. 2A). Previously, Yost et al., (1996) showed
that mMRNA encoding full-length B-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 B-catenin is turned over, to restore near physiological levels
of the tagged protein under the conditions we used. Expression of the FLAG-tagged B-
catenin was confirmed by Western blot (Sup. Fig. 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. /aevis
version 9.1 genome and peaks were called using both MACS and Homer peak callers (Y.
Zhang et al., 2008; Heinz et al., 2010). 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. 2B,
Sup. Fig. 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. 2C), suggesting an enrichment of B-catenin binding closer to
genes than to random genomic locations. In addition, we looked at H3K27ac marks from X,
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Jaevis stage 10.5 ChlPseq 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 gPCR by comparing fold change of signal
between uninjected controls and embryos injected with 500pg B-catenin-3xFLAG mRNA or
embryos co-injected with 500pg B-catenin-3xFLAG and either 100 or 400pg dkk (Sup. Fig.
3C). With each increase in dose of dkk, the signal of each selected peak was reduced (Sup.
Fig. 3C), confirming that the signal for each peak was a result of Wnt dependent
stabilization of B-catenin and subsequent binding of p-catenin to chromatin.

To confirm previously identified Wnt/p-catenin responsive regulatory regions, and verify the
B-catenin-3xFLAG construct, we used the Integrative Genomics Viewer (IGV) to visualize
peaks near known direct target genes (Robinson et al., 2011) (Fig. 2D, Sup. Fig. 4). Hoxal,
Gbx2, AxinZ, Sp5 and Cdx1 are all demonstrated direct targets and showed binding profiles
similar to those that were previously published (Prinos et al., 2001; Jho et al., 2002;
Weidinger et al., 2005; Li et al., 2009; In der Rieden et al., 2010) (Fig. 2D, Sup. Fig. 4).
Importantly, many new candidate genes have ChIP peaks within 50 kb of their coding DNA
sequence (CDS) (Table 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.
2D).

[B-catenin does not directly bind DNA, but rather binds to the transcription factors TCF/LEF
(Clevers and van de Wetering, 1997; Clevers, 2006; Schuijers et al., 2014). We confirmed
that indeed, the TCF/LEF motif was enriched in the peaks, using MEMEChIP (Machanick
and 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
motif, and is centrally positioned within each peak (Machanick and Bailey, 2011) (Fig.
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 p-catenin when there are more
TCEF transcription factors bound to DNA (Fig. 2G).

In addition to the TCF motif being enriched in the consensus peaks, there are other motifs
that are highly enriched (Sup. Fig. 5). A motif resembling a ZNF281 motif is the second
most highly enriched motif followed by a motif for Zic1/3/4 (Sup. Fig. 5). Because -
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/p-catenin target genes at this stage (Schuijers et al., 2014).

Candidate direct target genes have both a p-catenin binding site as well as reduced
expression in dkk-injected embryos.

To determine which genes have both a p-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. 3A, Table 2). Here we use the
coding DNA sequence (CDS) instead of the transcription start site (TSS) to find peaks both
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50kb upstream of the TSS and 50kb downstream of the last coding nucleotide. The
tetraploid genome of X. /aevis 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 p-catenin direct targets (Fig. 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. 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. 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. 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/B-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 (Smith and Harland, 1991; Christian and Moon, 1993; Harland and Gerhart, 1997; In
der Rieden et al., 2010) (Fig. 4A). For example, the direct targets cax1, cax2, hoxal, axinZ,
and gbx2are all expressed in the ventral and lateral marginal zone at stage 11.5 with
expression domains slightly more anterior to that of w8 (Fig. 4A,B, Sup. Fig. 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 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. 4C). While the size of the dorsal midline gap and the
thickness of the horseshoe expression domain vary, the general pattern is consistent with
these genes being direct targets of Wnt/p-catenin signaling. At later stages the expression
pattern of these candidate targets varies significantly, as for the known direct targets. For
example, esr5is expressed in developing somites, whereas /es6.1 is expressed in the
posterior mesoderm (Fig. 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. 5A,C,E), in situ
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hybridization can reveal tissue type-specific changes in expression of each candidate gene
resulting from dkk injection (Fig. 5B,D,F). For both known (Fig. 5A,B, Sup. Fig. 7) and
candidate (Fig. 5C-F, Sup. Fig. 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 esr5do not show such a dramatic
loss of expression (Fig. 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 et al., 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 B-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, hoxal, hoxdl, and irx3have the largest and most significant log2 fold
changes from our RNAseq data (Table 2, Sup. Table 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/p-catenin responsive enhancers that
regulate these genes are verified in our list of candidate enhancers. For example, a Wnt
responsive regulatory element for caxZ has been characterized immediately 5° to the TSS in
developing mouse embryos, as well as a 5’ promoter proximal sp5element in zebrafish
(Prinos et al., 2001; Weidinger et al., 2005). We see both of these elements called as
significant peaks in our ChlPseq 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. 2C), and added new and potentially
more sensitive targets to genes such as axinZ, 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 w8 expression domain
around the blastopore (Fig. 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 wntexpressing cells (Zecca et al., 1996; Mii
and Taira, 2009). In fact, while many of the genes resemble the expression pattern of wn,
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there are differences in expression. For example, pax3and gbxZ, two genes involved in
neural patterning as well as neural crest specification, are expressed more anteriorly than
wntand most of the other target genes (Tour et al., 2002; Li et al., 2009; Garnett et al., 2012)
(Fig 4). We also see differences in the size of the gap in expression across the organizer (Fig.
4). In addition to wnt8, wnt3ais 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 B-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 f-catenin. Some genes
such as ngfrhave many p-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; Cox and
Hemmati-Brivanlou, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995; Y. Chen
et al., 2001; Kudoh et al., 2002). Indeed, these pathways share many of the same direct
targets; for example, RA and Wnt converge on the caxZ 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 (LaBonne and Bronner-Fraser, 1998;
Kléber et al., 2005). The upstream promoter of msx2, for example, is synergistically and
directly activated by BMP and Whnt signaling (Hussein et al., 2003). By examining other
maotifs that are enriched in the $-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 Zicl, a transcription factor important for neuroectodermal differentiation, is
enriched in the B-catenin binding regions identified in our ChIP experiment and therefore
might serve to co-regulate a subset of genes required for neural differentiation (Mizuseki et
al., 1998; Aruga and Mikoshiba, 2011). 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 et al.,
2012).

In conclusion, our genome-wide approach combining RNAseq and ChlPseq data has
identified new candidate direct target genes of the canonical Wnt/B-catenin signaling
pathway. The direct transcriptional target genes identified here are down-regulated when
zygotic Wnt signaling is inhibited with DKK1 and have B-catenin ChIP peaks within 50 kb
of the gene’s CDS. In addition, these genes are expressed in a similar domain to wnt8
mMRNA expression during gastrula stages in X. /aevis. The identification of putative
regulatory regions via ChlP-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.

Materials and Methods

Embryo Culture

X.laevis embryos were obtained (Sive et al., 2010) and staged (Nieuwkoop and Faber, 1967)
as described previously. All controls are uninjected controls (UC).
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DNA constructs and RNA synthesis

The triple FLAG epitope tagged X. /aevis B-catenin (B-catenin-3X FLAG) was generated
from a single FLAG epitope B-catenin, described previously (Young et al., 2014), using the
restriction enzymes, Avr// and Not/and the double stranded oligonuclotide:

GCATCCTAGGAGATTACAAGGATGACGACGATAAGGACTATAAGGACGATG
ATGACAAGGACTACAAAGATGATGACGATAAATAAGCGGCCGCAAGGCC.

The sequence for the triple FLAG epitope is underlined, and the start of each single FLAG is
in bold.

Capped RNAs were synthesized using mMessage mMachine (Ambion). DKK1 pCS2
(Glinka et al., 1998) was digested with Aot/ and B-catenin-3X FLAG pCS108 was digested
with Asc/. Both were 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

RNAseq

Embryos were stained by /n situ hybridization as described (Harland, 1991). Probe
sequences for axinZ, esrb5, loc709, ngftr, hesé.1, taccl, pnhd, znf703, irx3, frzd10and ngn2
are available on request.

100pg dkkI 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). lllumina 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 (gPCR) analysis of candidate target genes, cDNA
was made using lug 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
1al (eeflal) was used as internal control.

RNAseq analysis

100bp paired-end sequencing reads (Illumina HiSeq2000) were aligned to the X, /aevis
genome (assembly version 9.1) using Tophat2.1.0 (Trapnell et al., 2009). Read counts were
generated using htseq-count (Anders et al., 2015) and the X. /aevis genome annotation v1.8.
Differential expression (DE) analysis was performed using DESeq (Anders and 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 et al., 2012).
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Chromatin Immunoprecipitation (ChlIP)

500pg of either single-FLAG or triple-FLAG C-terminus tagged B-catenin was injected into
both blastomeres of X. /aevis 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 ChlIP prep kit per manufacturer’s instructions.
Antibodies used in Supplemental Figure 3A: FLAG (Sigma F3165), beta Actin (GeneTex
GT5512).

ChlPseq analysis

50 bp single-end sequencing reads were aligned to the X. /aevis 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 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 and 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 and Hall, 2010).

Candidate gene selection

Differentially expressed (DE) genes from the RNAseq analysis with a ChlPseq 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. 21 novel transcriptional targets of Wnt/p-catenin are identified.
. Targets are identified by combining transcriptome analysis as well as genome
wide binding of p-catenin.
. Most transcriptional targets display similar expression pattern to that of wnt8

during gastrulation.
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Figure 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
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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) gPCR 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).

Dev Biol. Author manuscript; available in PMC 2018 December 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kjolby and Harland

Page 17
A' B C 40 4 Consensus peaksm -6
Inject HiSeq2000 3 Randomized peaksm T
B-catenin-3X-FLAG Collect at 50bp single-end 2 p-value = 2.925e-05 | S
mid-gastrula 3041 o
)r\(l\ 3 S
) —~ 2 <
> S 220. L §
(] [
Ch tin | * = e
romatin Immuno 10 o
Precipitation (ChIP) A ‘ \ L :‘5
>
\ / MACS HOMER . =
lllumina TruSeq peak calling peak calling - 5 3 ! -
R -50000 50000
ChIP libraries Distance to TSS
D. _ 6,273 bp chréL 53 kb chraL
hoxa1.L znf703.L
———— - ol
(1) — 1
2 [0-25] ChiP| ffo-21) F‘”’
adians do - o A " A
@[ 4 10-21] o
L
, 12 kb chr9_10S8 58 kb chréL
ngfr.L

P 23 kb chrd 10L_ 23 kb chr5S
axin2.L hes6.1.S
—fbe REEb 44 — |
- - n | |
[0-22] ChiP 10 19| Chip
- ik 4_.m“__, - | PR APTR ORI WA PO PO 11
0-22] [0-19]
E F. G ‘
TCF4 ] o 14004 :
7 4.01 I s 41 2.
o
_‘g ' C AT X g]l]' P E 1000 3 ° °
=Yl | | , ~ | sl 23 s Jgls.
""" H— N -] o
Enriched Motif 5 20; ¢ 600- =
E-value= 3.1e-084 Re) 4 O _ 1
8 9 101 < —
£, CTT a Y] S 2004 e
(.:,QT»e_: = AI T T T T T T T T T T LU B B B B B T
TeRmEeEESEeT 250 -150 -50 0 50 150 250 0123456 8
Position of Best Site in Sequence Number of TCF motifs per peak

Figure 2. Chromatin Immunoprecipitation and sequencing (ChlPseq) of a FLAG-tagged B-
catenin at mid gastrula identifies p-catenin bound regions.

(A) Schematic of experiment. 500 pg of mMRNA encoding triple FLAG-tagged p-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 ChlPseq 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 ChlP peaks the mean distance to TSS = - —2929 bp and
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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 ChlPseq 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. 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 ChlPseq 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.
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Figure 4. In situ hybridization shows that the expression patterns of many characterized and
candidate Wnt/p-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/p-

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 5. Expression of Wnt/B-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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Page 22

List of characterized direct targets and candidate direct targets of Wnt/B-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. /aevis annotation v1.8 are included in this list.

Whnt targets during Xenopus gastrulation

Reference

hes5
fxd1

cdxl

like
0

msx2

Weidinge et al. 2005

In der Rieden et al. 2010

Li et al. 2009

Li et al. 2009

Gargett et al. 2012

Jho et al. 2002

Shi et al. 2002

Wittler et al. 2007

In der Rieden et al. 2010

In der Rieden et al. 2010

Ramel, M. C. 2004

Zhao et al. 2013

Prinos et al. 2001

Yamaguchi et al. 1999

Hussein et al. 2003

Janssens et al. 2010

Dev Biol. Author manuscript; available in PMC 2018 December 10.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kjolby and Harland

Wht targets during Xenopus gastrulation  Reference

vegt
myo3b
taccl
tcf7

ngfr
kremen2
hes6.1
mtx2
zadh2
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21 candidate direct targets of Wnt/g-catenin are both differentially expressed in RNAseq experiment and have
For full list see Supplemental Table 1.

B-catenin ChlPseq peaks within 50kb of CDS.

Common Name  Rank V1.8 annotation baseMean log2 Fold Change adjusted P-value  # of peaks within 50
UC/dkk kb of gene

1 znf703 3 znf703.L 602.7 -2.862 2.38E-23 1

9 znf703.S 1033.374 -2.29 2.32E-19 2
2 esr5 7 Xelaev18000894m.g 503.763 -2.356 9.77E-19 1
3 hes-like 13 Xelaev18035791m.g.L  375.868 -2.081 5.99E-13 2
4 fzd10 15 fzd10.S 757.614 -1.952 2.87E-08 3

28 fzd10.L 1514.842 -1.619 1.75E-05 2
5 xarp like 19 Xetrov90019363m.L 37.315 -1.874 1.78E-07 4

20 xarp-like.S 2207.046 -1.791 1.38E-14 5
6 pnhd 24 pnhd.S 1713.472 -1.722 1.10E-07 2

26 pnhd.L 2318.014 -1.645 6.53E-15 1
7 tp63 27 tp63.S 262.359 -1.644 1.14E-05 2
8 uncharacterized 30 LOC101731931.S 156.616 -1.603 1.09E-08 2
9 hes-like 45 Xelaev18035790m.g.L 128.309 -1.317 0.001072 2
10 hes-like 48 LOC733709.L 240.457 -1.297 0.000673 2
11 vegt 52 Xelaev18010507m.g.S  4630.587 -1.25 0.00049 2
12 myo3b 53 myo3b-like.1.L 19.822 -1.239 0.00946 5
13 taccl 54 taccl-like.L 392.711 -1.228 0.002117 2
14 tcf7 59 tcf7.S 505.298 -1.189 7.99E-05 1
15 ngfr 67 ngfr.L 3846.596 -1.126 0.001554 4
16 hes-like 68 Xelaev18035789m.g.L 140.925 -1.117 0.019785 2
17 kremen2 70 kremen2.S 194.401 -1.114 0.038376 1
18  uncharacterized 74 Xetrov90018470m.S 1078.929 -1.086 0.000136 1
19 hes6.1 76 hes6.1.S 1887.573 -1.069 3.25E-05 4
20 mtx2 7 mtx2.S 95.887 -1.062 0.008915 5
21 zadh2 78 zadh2.L 69.105 -1.059 0.044797 1
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