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ABSTRACT OF THE DISSERTATION

Dynamic interplay between transcription factors and epigenome during early Xenopus

embryogenesis

By
Jin Sun Cho
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2019

Professor Ken W. Y. Cho, Chair

After fertilization, the unified genome from the egg and sperm must go through
reprogramming to reset the newly formed zygotic genome for the onset of the embryonic
development. Maternally-deposited transcriptions factors (TFs) initiate this process that
includes modification of the inherited epigenetic landscape. The subsequent differential
expression of zygotic genes drives the formation of distinctive cell types - ectoderm,
mesoderm, and endoderm - known as germ layer specification. However, the regulation of
maternal TFs with epigenetic remodeling during germ layer specification is not well
known.

To investigate the role of TFs and its relationship with chromatin during early
embryogenesis, | have optimized Deoxyribonuclease I (DNase I) hypersensitive sites
sequencing (DNase-seq) in early Xenopus embryos. DNase-seq identifies the genome-wide

open chromatin regions that are accessible to regulatory factors.



[ also used Foxh1-deficient Xenopus embryos to study its function in chromatin
remodeling. I found that Foxh1 is required for the recruitment of a core subunit of
polycomb repressive complex 2 (PRC2), Ezh2, and the regional activity of H3K27me3.
Differential enrichment of H3K27me3 between ectodermal and endodermal germ layers of
the Xenopus embryos suggests that Foxh1 directs Ezh2 recruitment to regulate histone
modification both temporally and spatially. Ezh2 binding is also associated with another
maternal TF, Sox3, which suggests that the combinatorial bindings of multiple maternal
TFs fine-tune the temporal and spatial gene expression to induce the correct cell types in
an embryo.

My findings provide a more comprehensive understanding of how maternal TFs
regulate the epigenetic landscape during early vertebrate embryogenesis. I propose a
model where Foxh1 recruits Ezh2 to mark epigenetically the regulatory regions of germ

layer-specific genes to promote and maintain embryonic germ layer specification.
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CHAPTER 1

INTRODUCTION
Early embryonic development is coordinated by maternal transcription

factors and epigenetic regulation



Embryonic development starts from a fertilized egg - one single cell fused of maternal and
paternal gametes - to make a multicellular organism. The first distinct cell types formed
during embryogenesis are the three germ layers - ectoderm, mesoderm, and endoderm -
which generate the tissues and organs of an adult body. Highly conserved gene regulatory
networks (GRNs), comprised of interactive groups of molecular regulators include
transcription factors, signaling proteins, and co-regulators which govern the formation of
these primary germ layers in most metazoans (Davidson and Levine, 2005; reviewed in
Davidson and Erwin, 2006).

Transcription factors (TFs) play central roles in GRNs by binding on the cis-
regulatory elements (CREs) of the genome to regulate activation and repression of target
gene expression. In addition, the presence of other transcriptional regulators (co-
regulators) and the chromatin state surrounding these CREs influences their gene
expression (Levine, 2010; Bannister and Kouzarides, 2011). However, the functional
relationship among TFs, co-regulators and the epigenetic landscape is generally not well
understood.

The clawed frog, Xenopus tropicalis is a model organism well-suited to investigate
this critical question. First, the high tolerance of Xenopus embryos toward experimental
manipulations allows the injection of macromolecules such as RNAs and DNAs to examine
the knockdown or overexpression phenotypes of a given gene. Many of the core regulators
such as Vegt and Ctnnb1/3-catenin are involved in germ layer specification was identified
using such approaches (White and Heasman, 2008; Kiecker et al., 2016). Second, its
phylogenetic distance between human and Xenopus is approximately 360 million years ago

(MYA), providing an opportunity for comparative genomic analysis to uncover the



conserved regulatory mechanism regulating human development and diseases (Wheeler &
Brandli, 2009). The availability of the complete genome sequence of true diploid Xenopus
tropicalis, coupled together with the ability to obtain synchronously developing Xenopus
embryos from a single fertilization allows genome-wide high-throughput sequencing (HTS)
studies (Hellsten et al., 2010).

In this chapter, [ will provide the current status of the role of maternal TFs and the
epigenetic regulation during germ layer specification. The research described in this thesis
will provide a deeper understanding of the relationship between maternal TFs and
epigenetic regulation during Xenopus germ layer specification, which can aid research into

stem cell therapy and organoid generation.

Role of maternal transcription factors during the germ layer specification

After fertilization, most vertebrate embryos undergo similar developmental processes:
cleavage, gastrulation, and organogenesis. During cleavage stages, the fertilized egg is
divided into smaller cells (called blastomeres) without increasing the size of the embryo. At
this stage, the cells of the embryo are still pluripotent but some maternally deposited
mRNAs are asymmetrically distributed which determine the animal-vegetal axis of the
embryo (Heasman, 2006) (Figure 1.1). These asymmetrically localized maternal gene
products (also known as determinants) regulate the formation of the three germ layers
during gastrulation that follows the pluripotent blastula stages (Borchers and Pieler 2010;
Paranjpe and Veenstra 2015). In Xenopus, the time period between blastula and early
gastrula embryos (Nieuwkoop-Faber stage 9-10.5, Nieuwkoop and Faber, 1994) is when

ectoderm is formed in the animal cap (top side of the embryo), while endoderm is located



in the vegetal mass (Figure 1.1A-B). Mesoderm is induced at the equatorial region between
the animal and the vegetal poles of the Xenopus embryo. After gastrulation endodermal
cells give rise to the gastrointestinal and respiratory tracts, the lungs, the liver, and the
pancreas. Next, mesodermal cells give rise to the heart, the muscle system, the bones, and
the bone marrow (the blood). Lastly, ectodermal cells give rise to the epidermis (skin) and
nervous system.

One of the most well-studied maternal determinants of germ layer specification in
the Xenopus embryo is T-box TF, Vegt (previously known as Xombi, Antipodean, or Brat,
Lustig et al., 1996; Zhang and King, 1996; Stennard et al., 1996; Horb and Thomsen, 1997).
Vegt mRNA is localized in the vegetal mass of mature eggs and early embryos. Zygotic
transcription of vegt begins in dorsal mesoderm and then extends to lateral and ventral
mesoderm. Vegt-depleted embryos do not form endoderm and express a reduced amount
of mesoderm-inducing signals (Zhang et al., 1998; Kofron et al., 1999). Vegt regulates the
expression of Nodal ligands, nodall, 2, 4, 5, and 6, which are one of the earliest transcribed
zygotic genes of Nodal signaling pathway - part of the TGF-f3 superfamily — which is
necessary for the initiation of both the endoderm and mesoderm formation in vertebrates
(reviewed in Schier, 2003). Even though Vegt is a core TF for the initiation of the Nodal
signaling pathway in Xenopus, its mammalian orthologs have not been identified (White
and Heasman, 2008) and other vertebrate vegt orthologs (zebrafish spadetail/tbx16, and
chick thx6L/tbx6) are not expressed maternally (Fukuda et al., 2010).

F-type Sox (SRY-related high motility group (HMG)-box), Sox7 is another vegetally
localized maternal TF in Xenopus (Zhang et al., 2005). Sox7 binds to the nodal5 promoter,

and induces activation of Nodal ligands - nodall, 2, 4, 5, and 6, and other endoderm markers



(zygotic endodermal TFs) such as mixer and sox17b. Thus, vegetal-specific maternal TFs,
Vegt and Sox7, regulate Nodal ligands expression and endoderm formation (Zhang and
Klymkowsky, 2007). Vegt depends upon Sox7 activity for activation of mixer and
endodermin in animal caps. However, the depletion of Sox7 does not cause any phenotypic
effect on endoderm formation. This suggests the combinatorial function of these localized
maternal TFs may refine the endodermal gene expression in the Xenopus embryo. Since
Vegt also regulates zygotic sox7 expression, the functional study of maternal Sox7 in
endoderm formation is required to comprehend the combinatorial role of maternal TFs.

Forkhead protein Foxh1 is the master TF of Nodal signaling. Foxh1 activates Nodal
target genes by recruiting phosphorylated Smad2/3 (pSmad2/3), co-effectors of Nodal
signaling (Shen, 2007). Foxh1 is maternally supplied and expressed ubiquitously in the
Xenopus blastula embryo (Chiu et al,, 2014; Charney et al., 2017; Paraiso et al., 2019),
whereas Vegt and Sox7 are localized in the vegetal mass. Morpholino oligonucleotide (MO)
knockdown of Foxh1 in Xenopus embryos results in defects in endoderm and mesoderm
formation, delayed gastrulation, reduced head structures, and a shortened anteroposterior
(A-P) body axis, similar to inhibition of Nodal signaling (Chiu et al., 2014).

Foxh1 also functions independently of Nodal signaling (Chiu et al., 2014; Charney et
al,, 2017). First, Chiu et al. have identified dozens of genes, whose expression is positively
and negatively regulated by Foxh1 (Chiu et al.,, 2014). For example, zygotic TF, hand?2 is
negatively regulated by Foxh1 in a Nodal-independent manner. Second, inhibition of Nodal
signaling using a chemical inhibitor, SB-431542 failed to abolish the binding of Foxh1 to
DNA, suggesting that Foxh1 binding occurs in a Nodal-independent manner (Chiu et al.,

2014; Charney et al., 2017). Lastly, in early blastula embryos, Foxh1 binding regions



overlap with those of Tle/Groucho (co-repressor), which are attenuated on certain
endodermal cis-regulatory modules (CRMs) upon Foxh1-MO knockdown (Charney et al.,
2017). Taken together, these results suggest that maternal TF can have a role not only as an
activator but also as a repressor before zygotic gene activation (ZGA).

Another maternally expressed forkhead domain TF, Foxi2, is highly enriched in the
animal region of the Xenopus blastula embryo (Cha et al., 2012). Foxi2 activates a zygotic
forkhead TF, foxile, and regulates the ectoderm formation. Since its expression is restricted
to the animal cap (ectoderm), Foxi2-depleted embryos are still able to respond normally to
mesoderm-inducing signals from vegetal cells. The genome-wide approach is required to
understand the regulatory modules of the ectodermal maternal TF.

Mesoderm is induced by the production of Nodal ligands, which are regulated by the
activity of both Nodal and Wnt signaling. Wnt signaling regulates the activity of the
lymphoid enhancer factor/T-cell factor (Lef/Tcf) TFs (Novaka and Dedhar, 1999). Tcf1, 3,
and 4 are maternally deposited and ubiquitously expressed in Xenopus blastula embryos
(Roel et al,, 2002). They repress target gene transcription when co-bound with co-
repressor Tle/Groucho. Upon Wnt signaling, nuclear (-catenin, a maternally loaded Wnt
signaling co-activator localized in the dorsal side of the Xenopus embryo (Heasman et al.,
1994), replaces Tle so that the B-catenin-Tcf complex can activate target genes (Hurlstone
and Clevers, 2002; Daniels and Weis, 2005). Dorsal activity of Wnt/-catenin signaling
results in high concentrations of Nodal ligands in the dorsal marginal zone and contributes
to the formation of the dorsoventral (D-V) body axis of embryos. -catenin together with
Tcf induces the expression of dorsal target genes sial and siaZ, and the expression of a pan-

mesodermal marker, t (Xenopus brachyury, Xbra) where T is a core regulator for FGF



signaling (Schohl and Fagotto, 2003). Taken together, multiple signaling pathways are
involved in regulating the mesoderm formation and D-V patterning by affecting
downstream key regulators.

To distinguish between ectoderm and mesoderm layers, zygotic mesodermal genes
are not expressed, and mesoderm-inducing signals are absent in the animal cap. This
hypothesis is supported by the finding that no pSmad2/3 and no nodal transcripts found in
the ectoderm (Osada and Wright, 1999; Chen, 2007). Maternal B1-type SOX TF, Sox3, has
been proposed as a mesodermal suppressor in the animal cap since antibody inhibition
experiments yielded results of a negative regulator of nodal5 (Zhang et al., 2003; Zhang et
al,, 2004; Zhang and Klymkowsky, 2007). However, sox3 mRNA expression is not restricted
to the animal cap and is also expressed in the vegetal mass of early blastula embryos.
Therefore its early role in gene regulation needs to be carefully investigated.

The interactions between the maternal TFs, TF-regulating signaling factors, and the
zygotic targets genes generate a GRN, which underlies the formation of the three germ
layers. To investigate these TFs within the GRN, TFs are bound to active regulatory regions,
which can be detected through chromatin accessibility assays. In the next section, I will

review the structure and function of chromatin within the context of early embryogenesis.

Epigenetic regulation during early embryogenesis

Chromatin is a complex of DNA and histones present in all eukaryotic cells. In the
eukaryotic nucleus, 147bp of DNA is wrapped around an octamer of two copies of each
core histone protein (H2A, H2B, H3, and H4) to form a nucleosome (Luger et al. 1997; Li,

2002). Nucleosomes are coiled into fibers and looped into higher-order chromatin



structures to fit into a nucleus. This higher-order chromatin structure and histone
modification regulates gene expression and developmental programs during
embryogenesis by modulating the accessibility of the transcriptional machinery to DNA.
Initially, the embryonic genome is transcriptionally silent and is reprogrammed
into the pluripotent state from the union of two fully differentiated germ cells, the egg and
the sperm. To create a new genome, chromatin from two distinct germ cells has to be
remodeled before zygotic gene activation (ZGA). The onset of ZGA varies significantly
among different animals (Jukam et al., 2017), and ZGA is not a single temporal event but
occurs broadly during a time window where new transcription gradually begins. In mice,
this process begins right after the first cleavage cycle (2-cell stage embryo; 24 hours post-
fertilization). In Drosophila melanogaster, ZGA occurs at the 14th nuclear cycle (2.5 hours
post-fertilization), when the division cycle slows dramatically and when ~6,000 nuclei
become cellularized (Hamm and Harrison, 2018). In Xenopus, it occurs during the first 12
cleavage divisions, which is also known as the mid-blastula transition (MBT) (Nieuwkoop-
Faber stage 8.5; 5 hours post-fertilization). However, recent high-resolution transcriptome
profiling of Xenopus has revealed that zygotic transcripts of pri-mir427 are detected as
early as the 32-cell stage (at the fifth cleavage), which is significantly earlier than the
classically defined MBT (Collart et al., 2014; Owens et al., 2016). Additionally, dozens of
zygotic transcripts are first detected at the 128- and 256-cell stages included the known
early expressed genes like nodal5 and nodal6. The dynamics of the epigenetic landscape
and chromatin remodeling will provide a better understanding of the mechanism of ZGA.
Transcriptional activation is tightly linked with relatively nucleosome-free regions

(i.e. promoters, enhancers, silencers, and insulators) due to the binding of transcription



factors or co-regulators. This regulatory DNA coincides with open or accessible chromatin.
This accessible genome can be measured by quantifying the enzymatically or chemically
isolated accessible DNA using next-generation sequencing (NGS) platforms - MNase-seq,
FAIRE-seq, DNase-seq, and ATAC-seq (reviewed by Tsompana and Buck, 2014). Chromatin
accessibility during early embryogenesis has been measured in flies (Blythe and
Wieschaus, 2016), zebrafish (Liu et al., 2018), mice (Lu et al,, 2016; Wu et al., 2016) and
humans (Guo et al., 2018; Wu et al., 2018), which revealed that accessible regulatory
regions are established concomitantly with ZGA. Profiling in early mouse embryos revealed
broad regions of open chromatin in late 1-cell and early 2-cell stages, followed by more
narrow peaks on promoters at 8-cell stage when major waves of ZGA occurs (Wu et al.,
2016). These assays have not been performed in early-stage Xenopus embryos. In this
thesis, [ will describe how I adapted the DNase I hypersensitive site sequencing
(DNase-seq; Neph et al,, 2012) method for studying chromatin accessibility in early
Xenopus embryos.

The epigenetic landscape is also affected by post-translational modifications on
histone tails, which impact nucleosome stability and the recruitment of transcriptional
regulators. Lysine residues on histone tails can be acetylated, methylated, sumoylated or
ubiquitylated (Kouzarides, 2007). Chromatin immunoprecipitation coupled with high-
throughput sequencing (ChIP-seq) is a method to detect histone modifications. ChIP-seq
peaks of histone H3 lysine 4 trimethylation (H3K4me3) on the transcription start sites
(TSSs) are associated with permissive gene expression. The emergence of H3K4me3 on the
promoters of permissive genes has been monitored before ZGA in flies (Li et al., 2014),

zebrafish (Vastenhouw et al., 2010; Lindeman et al,, 2011), and frogs (Akkers et al., 2009;



Hontelez et al., 2015). In the case of mice, unusually broad, non-canonical H3K4me3
domains (wider than 5kb) were observed in matured oocytes, after which these domains
are mostly restricted to the conventional TSSs of transcriptionally active genes during ZGA
(Dahl et al., 2016; Liu et al., 2016; Zhang et al., 2016). Histone H3 lysine 27 trimethylation
(H3K27me3), on the other hand, is associated with repression of target genes (Bannister
and Kouzarides, 2011). In most species, the increase of H3K27me3 occurs during or after
ZGA, which is later than the appearance of H3K4me3. This implies that transcriptional
quiescence before ZGA is not imposed by H3K27me3-marked repression. In embryonic
stem cells (ESCs), the co-occurrence of active (H3K4me3) and repressive (H3K27me3)
chromatin modifications has been described as a bivalent mode on promoters of poised
developmental genes (Bernstein et al., 2006; Mikkelsen et al., 2007). However, this bivalent
mode has not been detected in mice (Liu et al.,, 2016; Zhang et al., 2016), flies (Takayama et
al,, 2014) or frogs (Akkers et al., 2009) during ZGA. In frogs, Akkers et al. performed
sequential ChIP experiments for H3K4me3 and H3K27me3 on both marked genes in the
whole embryos to test whether this bivalency occurs in the same cells or not. They revealed
that bivalent marking of genes is not a prevalent configuration in Xenopus embryos and
further showed that H3K27me3 marks are on some endodermal genes on the animal cap
side of Xenopus embryos. This suggests that H3K27me3 may function in a spatial manner

for epigenetic repression.

The maternal TFs involvement in epigenetic regulation during ZGA
Transcription factors regulate gene expression by recruiting the transcriptional machinery

to particular genes by binding to a specific DNA sequence that each TF detects. Therefore

10



the chromatin state of those TF-bound specific DNA regions during ZGA is critical to
comprehend the relationship between epigenetic regulation and gene expression in early
embryonic developmental processes.

Pioneer factors are a special class of transcription factors that can access their DNA
target sites in closed chromatin and presumably bind to the genome before the binding of
other factors (Iwafuchi-Doi and Zaret, 2014). Two general features of pioneer TFs have
been described - “passive” and “active” roles to endow transcriptional competence (Zaret
and Carroll, 2011). In the passive role, a pioneer factor can bind alone, and then recruit
other TFs and additional factors to create an active enhancer. This priming can increase the
rapidity of the transcriptional response. In the active role, pioneer factors can directly
facilitate other factors to bind to nucleosomal DNA or open the local chromatin.

One of the key regulators of ZGA in flies, maternal TF, Zelda (Zld) has been studied
for its epigenetic role. Maternal mutants of Zld fail to complete cellularization and die
before the end of the maternal-to-zygotic transition (MZT) (Liang et al., 2008). The
maternal ZId is required for the expression of hundreds of genes during ZGA. This maternal
TF primes enhancers by lowering the high nucleosome barrier to assist another TF, Dorsal
(D1) to the enhancer elements during dorsoventral specification (Sun et al., 2015).
Chromatin accessibility in the maternal Zld-depleted embryos is reduced at a subset of Zld-
binding sites, even though most of the Zld-bound regions retained chromatin accessibility
(Schulz et al., 2015). This suggests that Zld functions as a pioneer factor. However, Zld
orthologues are limited to the insect clade (Ribeiro et al., 2017). It is still unclear whether

there are other pioneer factors in vertebrate maternal TFs.

11



Nanog, SoxB1 (Sox19b), and Pou5f3 are core maternal TFs and are required to
initiate the zygotic developmental program in zebrafish (Lee et al., 2013). These TFs are
homologues of the mammalian pluripotency factors NANOG, SOX2, and OCT4, respectively,
which are known for their ability to reprogram differentiated cells to a pluripotent state
similar to embryonic stem cells (Takahashi and Yamanaka, 2016). Pou5f3 knockdown by
MO injection in zebrafish embryos results in decreased chromatin accessibility at their
binding sites (Liu et al., 2018). In frogs, there are no known maternal homologs of Nanog,
while Sox3 is the homolog of SoxB1 TF. There are three Oct-related genes - Oct 60, 25, and
91 - in frogs. Only Oct 60 and 25 are maternally expressed. Thus, it would be interesting to
study their role in early Xenopus embryonic development.

Foxh1 has been recognized as a pioneer factor since it bookmarks mesendoderm
enhancers before ZGA and chromatin modifications (Charney et al., 2017). Foxh1 occupies
enhancers as early as the 32-cell cleavage stage, in the presence of nucleosome-dense
chromatin (Bogdanovic et al., 2011). Foxh1 bindings in Xenopus occur before zygotic
forkhead TFs, Foxas bindings, which are the well-known hepatic pioneer factors. Foxh1 can
also be associated with repressive chromatin states or epigenetic regulation since Foxh1-
dependent Tle/Groucho binding on endodermal CREs was found in early blastula embryo.
However, the previous studies focused primarily on Foxh1 pre-binding before ZGA and did

not address howFoxh1 is functionally regulating chromatin dynamics.

Overview of this thesis
Maternal TFs are required to initiate gene regulatory programs but their roles in epigenetic

regulation during early embryogenesis are not yet fully revealed. The research described in
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this thesis is focused on the epigenetic regulation mediated by maternal TFs during early
Xenopus embryonic development and germ layer specification.

Chapter 2 is focused on a method to measure global chromatin accessibility in early
Xenopus embryos. This method can help to understand the properties of the epigenome of
early embryos along with the genome-wide binding locations of TFs, RNAPII, and other co-
regulators from ChIP-seq experiments.

In chapter 3, I will describe the essential function of Foxh1 in early Xenopus
development using Foxh1 mutants generated by CRISPR-Cas9 system in Xenopus tropicalis
(Blitz et al., 2013; Nakayama et al., 2013). Furthermore, | have generated F0O females, which
have frameshift mutations in the Foxh1 transcription start site. Eggs derived from these
Foxh1 FO mutant mothers completely lacked foxh1 transcripts. These Foxh1 null F1
embryos were subsequently used for genome-wide analysis to study the epigenetic roles of
Foxh1. Additionally, mass spectrometry analysis uncovered the interaction of Foxh1
together with various epigenetic regulators in mouse embryonic stem cells.

With the combined work from chapter 2 and chapter 3, I have focused on the
relationship of Foxh1 and Ezh2 (a histone modifier that deposits H3K27me3, Cao and
Zhang 2004; Schuettengruber et al. 2009; Margueron and Reinberg, 2011) to affect the
chromatin landscape. This highlights the epigenetic roles of maternal Foxh1 by recruiting
histone modifiers to regulate spatiotemporal gene expression during the germ layer
specification. In Chapter 4, I will discuss the work presented in this thesis and the possible

future direction of the research about the epigenetic roles of maternal TFs.
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Blastula embryo Expression of maternal TFs in a blastula embryo
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Figure 1.1 Expression patterns of maternal transcription factors (TFs) and spatial
activity of the associated signaling pathway in the Xenopus embryo Drawings of cross-
sections of Xenopus embryos at A) blastula stage and B) gastrula stage. A) The animal-vegetal
and dorsal-ventral axes are determined in the fertilized embryo. B) The three germ layers
are formed at the gastrula stage. C) The spatial distribution of maternal TFs effects on the
three germ layer specification. D) Maternal TFs regulate the activity of induced signaling for
the germ layer-specific gene expression
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CHAPTER 2
DNase-seq to Study Chromatin Accessibility in Early Xenopus tropicalis

Embryos

(This Chapter has been published in Cold Spring Harbor Protocols)
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Abstract

Transcriptional regulatory elements are typically found in relatively nucleosome-free
genomic regions, often referred to as “open chromatin.” Deoxyribonuclease I (DNase I) can
digest nucleosome-depleted DNA (presumably bound by transcription factors), but DNA in
nucleosomes or higher-order chromatin fibers is less accessible to the nuclease. The
DNase-seq method uses high-throughput sequencing to permit the interrogation of DNase
hypersensitive sites (DHSs) across the entire genome and does not require prior
knowledge of histone modifications, transcription factor binding sites, or high quality
antibodies to identify potentially active regions of chromatin. Here, discontinuous iodixanol
gradients are used as a gentle preparation of the nuclei from Xenopus embryos. Short
DNase I digestion times are followed by size selection of digested genomic DNA, yielding
DHS fragments. These DNA fragments are subjected to real-time quantitative polymerase
chain reaction (QPCR) and sequencing library construction. A library generation method

and pipeline for analyzing DNase-seq data are also described.
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MATERIALS

It is essential that you consult the appropriate Material Safety Data Sheets and your
institution’s Environmental Health and Safety Office for proper handling of equipment and
hazardous materials used in this protocol.

RECIPES: Please see the end of this protocol for recipes indicated by <R>.

Reagents

Agarose

Buffer A for DNase-seq <R> (4°C)

Chloroform

DNase I digestion buffer (1x) <R> (freshly prepared, equilibrated to 37°C)
DNase I stock solution (10 U/uL) <R>

Ethanol

Ethidium bromide

Gel extraction kit (e.g., NucleoSpin Gel and PCR Clean-up kit [Macherey-Nagel
740609.250])

High sensitivity DNA kit (Agilent Technologies 5067-4626)

lIodixanol solutions (20%, 25%, 30%) <R> (freshly prepared, at 4°C)

Library quantification kit (e.g., KAPA KK4824 [Roche 07960140001])
LightCycler 480 SYBR Green I Master Mix (Roche 04707516001)

NaCl (5 M)

NEXTflex ChIP-Seq Barcodes (Illumina-compatible barcode adaptors) (Perkin Elmer NOVA-

514121)
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NEXTflex ChIP-seq Library Prep kit (Perkin Elmer NOVA-5143-01)
Phenol:chloroform:isoamyl alcohol (25:24:1 [v/v])
Primers for qPCR validation (Figure 2.1B)
eeflalo forward: 5’-GCTGGAATTTAAAGGGATGGA-3’
eeflalo reverse: 5’-CCGGCGTTTTATTGGAACT-3’
hbel forward: 5’-TTGCATTTGGTTCAGTGCTC-3’
hbel reverse: 5’-TGTCAGATGCTGGTTCTCCA-3’
otx2 forward: 5’-CAGAAAGGGCTTTGTTTTCG-3’
otx2 reverse: 5’-AAACTTGATTGGGGCCATTT-3
Proteinase K (20 mg/mL)
Qubit dsDNA HS Assay kit (Invitrogen Q32851)
RNase A (10 mg/mL)

Stop buffer for DNase I <R> (freshly prepared, equilibrated to 37°C)

Equipments

Bioanalyzer (Agilent 2100)

Centrifuge (low-speed, refrigerated), with a swinging-bucket rotor

Centrifuge tubes (50-mL)

Centrifuge tubes, polyallomer (38.5-mL)

Dounce homogenizer (15-mL) with pestle B (0.025- to 0.076-mm clearance) (prechilled to
4°C) Gel electrophoresis equipment

Microcentrifuge tubes (2-mL)

Nutator at 4°C
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Nylon mesh (100-pm pore size) (Ted Pella 41-12115)

Pipette tips (P1000), made with a wide bore by clipping with scissors
Polypropylene tubes (15-mL, conical)

Qubit fluorometer and assay tubes

Real-time quantitative PCR (qPCR) system (Lightcycler 480 II [Roche])
Sequencer (Illumina)

Syringe (15-mL)

Tygon tubing

Ultracentrifuge, with swinging-bucket rotor (e.g., Beckman SW32Ti)

Water baths at 37°C and 55°C
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FIGURE 2.1. Methods to detect DHSs using Xenopus early gastrulae. A) Gel picture of DNase-digested
genomic DNA extracted from nuclei isolated from stage 10.5 Xenopus tropicalis embryos. The amount of high-
molecular-weight DNA fragments are gradually decreased as DNase concentrations increase. B) DNase
hypersensitivity monitored by qPCR. DHSs are normalized by Cp value from 100 pg of genomic DNA from
Xenopus liver using 2-2ACt method. Reference regions are selected from nonexpressing genes’ promoters (e.g.,
hbel, encoding hemoglobin subunit epsilon 1, which is not expressed until tailbud stages). C) A genome-wide
profile of DHSs at gastrula stage by DNase-seq on Xenopus tropicalis genome version 9.0. The number of
sequence reads from a stage 10.5 DNase- seq library was 45.5 million. Bowtie aligned 43.7% of these reads
after discarding multiply aligned reads. Samtools (Step 32) removed duplicates, and peaks were called using
Homer findPeaks or by MACS2 (Zhang et al. 2008). DHSs were detected on the promoter and enhancer
regions of eeflalo and otx2 but no DHSs were shown around hbel (also used as a reference gene for qPCR in

Figure 2.1B). Regions of qPCR are marked by arrowheads.
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METHOD

Isolating Nuclei from Xenopus Embryos

This nuclear isolation protocol was modified from Farzaneh and Pearson (1978) and uses
iso-osmotic iodixanol gradients instead of hyperosmotic sucrose. This reduces
centrifugation time and avoids the extreme depletion of water from the nucleoplasm

(Graham 2002).

During Steps 1-11, keep all materials and solutions on ice.
1. Collect dejellied embryos at the desired stage and transfer to a pre-chilled 15-mL
Dounce homogenizer.
2. Gently wash the embryos twice in 10 mL of ice-cold 0.3 M SS per wash. Remove as
much solution as possible after the second wash.
3. Add 4 mL of SS containing 0.4% (v/v) Triton N-101.
4. Homogenize the embryos using 5-7 strokes of the pestle to release intact nuclei.
5. Filter the homogenate through nylon mesh into a 50-mL tube. Rinse the mesh with 1
mL of SS containing 0.4% (v/v) Triton N-101, to collect the nuclei in mesh in to the tube.
6. Mix the filtered homogenate with one volume of 30% iodixanol to make 15%
iodixanol.
7. In a 38.5-mL polyallomer centrifuge tube, layer 12 mL each of 25% and 20%
iodixanol solutions followed by 14 mL of the 15% iodixanol with homogenate.
To make sharply separated discontinuous gradients (25%; 20%; 15% iodixanol), add
20% iodixanol solution to the centrifuge tube. Then, gently add the 25% iodixanol

solution underneath the 20% iodixanol using a syringe attached to Tygon tubing. The
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final layer of 15% iodixanol solution containing the homogenized embryos is gently
pipetted onto the top of the 20% gradient.
8. Centrifuge the sample at 20,000g for 20 min at 40C using a SW32Ti rotor with
maximum braking.
9. Using a pipette, harvest ~5 mL of the solution above the visible interface between
the 25% iodixanol cushion and the 20% iodixanol layer; this solution contains the nuclei.
Transfer this solution to a 15-mL polypropylene tube.
10.  Dilute the nuclei with two volumes of SS and mix by gently inverting several times.
Centrifuge at 1,000g for 5 min at 4°C using a swinging-bucket rotor. Remove the solution by
pipetting.
11.  Gently resuspend the pellet in 5 mL of buffer A. Centrifuge at 1,000g for 5 min at 4°C
using a swinging-bucket rotor. Remove as much of the solution as possible by gentle
pipetting.
An aliquot of the nuclei can be stained with DAPI and quantitated using a

hemocytometer.

Digesting Isolated Nuclei with DNase I

This DNase I digestion procedure was modified from Neph et al. (2012).

For early gastrulae, nuclei from ~500 embryos are used in each digestion reaction. Thus, if

starting from 2000 embryos, four reaction tubes are prepared in Step 12.

12.  During one of the centrifugations above (Step 10 or 11), prepare tubes for DNase
digestion as follows.

i. Add 200 pL of 1X digestion buffer to each of four 2-mL microcentrifuge tubes.
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The number of reaction tubes can be adjusted according to the starting number of
embryos.
ii. Add the required volumes of DNase stock solution (10 U/uL) (e.g., 1, 2 or 4 pL for
10, 20 or 40 U/reaction, respectively).
The DNase digestion conditions that permit the maximal release of DHS regions
should be determined empirically (see Steps 24-25).
iii. Gently flick to mix.
13.  Resuspend the nuclear pellet from Step 11 in 1200 pL of 1X digestion buffer (N x
300 pL, where N = number of reaction tubes) by gentle pipetting with a wide-bore pipette
tip.
14.  Transfer 300-pL volumes of nuclear suspension to each reaction tube prepared in
Step 12 with a wide-bore pipette tip. Mix the samples by gentle pipetting.
15.  Incubate the DNase digestion reactions in a water bath for exactly 3 minutes at 37°C.
16.  Add 500 pL of stop buffer to each reaction. Mix by gently inverting the tubes and

then incubate for 15 minutes at 37°C.

Recovering the DNase I Hypersensitive Fragments

17.  Transfer the samples to 15-mL conical tubes and add 2 mL of TE to each sample.
18.  Add 60 pL of RNase A (10 mg/mL) to each tube. Incubate for 1 hour at 37°C.

19.  Add 40 pL of proteinase K (20 mg/mL) to each tube. Incubate for 2 hours to
overnight at 55°C.

20.  Extract the DNA using phenol:chloroform:isoamyl alcohol (25:24:1 [v/v]). Remove
the organic layer, perform one chloroform extraction, and then recover the DNA by adding

1/10 volume of 5 M NaCl and two volumes of ethanol.
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To prevent shearing of genomic DNA during the organic extraction, rock on a nutator
for 30 min at 4°C.
21.  Resuspend the DNA pellet in 30 uL of TE.
22.  Electrophoretically fractionate the DNA through a 1% agarose gel and visualize
using ethidium bromide.
Run the gel at ~10 Volts/cm to permit better size resolution. The vast majority of the
DNA should be more than 10 kb. DNA liberated in the 50- to 500-bp size range will not

be visible to the eye (Figure 2.1A).

See Troubleshooting.
23.  Isolate the gel region corresponding to 50- to 500-bp DHS fragments. Use a gel
extraction kit (e.g., NucleoSpin) to recover the DNA. Elute in 20-30 pL of 10 mM Tris-HCl

(pH 8.0).

[Optional] Validating DHS Fragments by qPCR

The success of DNase digestion conditions can be monitored by qPCR (Figure 2.1B and C).
The promoter regions of highly expressed genes serve as positive controls. Negative
controls include genes not expressed at the desired stage. Xenopus liver DNA can be used

as an external standard.

24.  Dilute a small aliquot of the DNA recovered from Step 23 10-fold in 10 mM Tris-HCI
(pH 8.0) for use in qPCR.
25.  Perform qPCR using standard protocols and primers for your known target regions

or the recommended reference genes (e.g., eeflalo, otx2, hbel).
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Constructing the DNase-seq Library

26.  Quantitate the total amount of DNase-digested DNA from Step 23 using a Qubit
fluorometer. Use ~10 ng of DNA as input for library construction.

27.  Build the library using a Nextflex ChIP-seq kit together with [llumina-compatible
barcode adaptors under the direction of the kit manual.

We use 11 cycles of PCR amplification.

28.  Determine the size distribution of the library using a Bioanalyzer 2100.

29.  Quantitate the library concentration by qPCR (e.g., using a KAPA Library
Quantification Kkit).

30.  Sequence the library on an [llumina platform.

Analyzing Data

31.  Align the sequencing reads to the Xenopus tropicalis v 9.0 genome assembly
(ftp://ftp.xenbase.org/pub/Genomics/]GI/Xentr9.0/) using Bowtie v1.0.0 (Langmead et al.
2009) with the following command: “bowtie -S-v 2 -k 1-m 1 --best -strata.”

32. Remove the duplicate reads from a sorted BAM file using the ‘rmdup’ command in
Samtools (Li et al. 2009).

33.  Create a BigWig file using deepTool2 bamCoverage (Ramirez et al. 2016) and then
visualize it using the Broad Institute’s Integrative Genomics Viewer genome browser
(Robinson et al. 2011).

34.  Call DHS peaks using Homer (Heinz et al. 2010) with the following command:

“findPeaks -style dnase -gsize 1.42e09.”
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TROUBLESHOOTING

Problem (Step 22): DNA laddering with multiple bands in ~150-bp increments is apparent
after gel electrophoresis.

Solution: The DNA is over-digested. Reduce the amount of DNase I or increase the number

of nuclei.
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Recipes

Buffer A for DNase-seq

Reagent Final concentration
Tris-HCI (1 M [pH 8.0]) 15 mM
NaCl (5 M) 15 mM
KCl (1 M) 60 mM
EDTA (0.5 M [pH 8.0]) 1 mM
EGTA (50 mM [pH 8.0]) 0.5 mM
Spermine (500 mM) 0.5 mM
Pefabloc SC PLUS (Roche 11873601001) (20 mg/mL) 0.1 mg/mL
Dithiothreitol (DTT) (1 M) 2 mM
Protease inhibitor tablet (cOmplete, Mini, EDTA-free; 1 tablet for 10 mL
Roche 04693159001)

Combine Tris-HCI, NaCl, KCI, EDTA, EGTA, and spermine. Store the buffer at 4°C.

Immediately before use, add Pefabloc SC, DTT, and protease inhibitor.

DNase I Digestion Buffer (1X)
To make 5 mL of 1x DNase I digestion buffer, add 500 pL of DNase I Digestion Buffer (10x)

<R> to 4.5 mL of Buffer A for DNase-seq <R>. Prepare fresh and equilibrate to 37°C prior to

use.

DNase I Digestion Buffer (10X)

Reagent Final concentration
NaCl (5 M) 750 mM
CaClz (1 M) 60 mM

Store for up to 1 year at room temperature.
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DNase I stock solution (10 U/uL)

Reagent Final concentration
Tris-HCI (1 M [pH 7.6]) 20 mM
NaCl (5 M) 50 mM
MgCl (1 M) 2 mM
CaClz (1 M) 2 mM
Pefabloc SC PLUS (Roche 11873601001) (20 mg/mL) 0.1 mg/mL
Dithiothreitol (1 M) 1 mM
Glycerol (100%) 50%

Combine the reagents listed above to prepare storage buffer. On ice, solubilize an entire

bottle of deoxyribonuclease I (DNase I [Sigma-Aldrich D4527; 10,000 U]) with 1 mL of ice-

cold storage buffer. Prepare 50- to 100-uL aliquots and store at -20°C.

Iodixanol solutions (20%, 25%, 30%)
Reagent

Final concentration

Tris-HCI (1 M [pH 8.0])

Sucrose (1 M)

MgCI2 (1 M)

KCl (1 M)

NaF (500 mM)

B-glycerophosphate (1 M)

Sodium pyrophosphate (100 mM)

Spermine (500 mM)

Spermidine (500 mM)

Pefabloc SC PLUS (Roche 11873601001) (20 mg/mL)
Dithiothreitol (1 M)

Protease inhibitor tablet (cOmplete, Mini, EDTA-
free)(Roche 04693159001)

lodixanol (60%) (OptiPrep Density Gradient Medium;
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Sigma-Aldrich D1556)

Prepare fresh and keep at 4°C.

Stop Buffer for DNase I

Reagent Final concentration
Tris-HCI (1 M [pH 8.0]) 50 mM
NaCl (5 M) 100 mM
SDS (20%) 0.10%
EDTA (0.5 M [pH 8.0]) 100 mM
Spermine (500 mM) 1 mM
Spermidine (500 mM) 0.3 mM

Prepare fresh and equilibrate to 370C prior to use.

Sucrose Solution (SS) (0.3 M)
Reagent

Final concentration

Tris-HCI (1 M [pH 8.0])

Sucrose (1 M)

MgCl2 (1 M)

KCI (1 M)

NaF (500 mM)

B-Glycerophosphate (1 M)

Sodium pyrophosphate (100 mM)

Spermine (500 mM)

Spermidine (500 mM)

Pefabloc SC PLUS (Roche 11873601001) (20 mg/mL)
Dithiothreitol (DTT) (1 M)

Protease inhibitor tablet (cOmplete, EDTA-free) (Roche
4693132001)
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Combine the first nine ingredients and store the buffer at 40C. Immediately before use, add

Pefabloc SC, DTT and protease inhibitor.
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CHAPTER 3
The epigenetic regulation of the chromatin modifier Ezh2 requires the

maternal transcription factor Foxh1 during Xenopus germ layer specification
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Abstract

The maternal transcription factor, Foxh1, is known for its bookmarking role on selected
mesendodermal CRMs before zygotic genome activation. However, it is unknown whether
Foxh1 is recruited based on the chromatin state, or upon Foxh1 recruitment, it functions to
affect the epigenetic remodeling. To address these questions, we initially identified Foxh1-
associated proteins in mouse embryonic stem cells. Subsequently, [ determined that critical
components of Polycomb Repressive Complex 2 (PRC2) are all present in Xenopus tropicalis
embryos and they interact physically with Foxh1 in vivo. The interaction is Foxh1-
dependent as revealed by the loss of the PRC2 complex formation on mesendodermal CRMs
using Foxh1-deficient Xenopus embryos. The physical interaction between Ezh2 and Foxh1
occurs well before the onset of Ep300 recruitment and the accumulation of the repressive
histone mark, H3K27me3. These data suggest that Foxh1-like maternal TFs orchestrate the
epigenetic states of target genes to ensure that specific gene regulatory programs are

turned on in specific lineages.
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Introduction

The three primary germ layers - ectoderm, mesoderm, and endoderm - are the first distinct
cell types formed during vertebrate embryogenesis. To specify the three germ layers, gene
expression of each cell in the embryo is tightly regulated by highly conserved gene
regulatory programs (Loose and Patient, 2004; Koide et al., 2005). Molecular regulators,
such as transcription factors (TFs), co-factors in signaling pathways, and co-regulators of
the gene expression, bind the cis-regulatory modules (CRMs) of target genes and initiate
germ layer-specific gene regulatory programs (Kiecker et al., 2016; Charney et al. 2017).
Maternally deposited TFs are particularly critical regulators of germ layer specification.
One such factor is T-box protein, Vegt (previously known as Xombi, Antipodean, or Brat,
Lustig et al., 1996; Zhang and King, 1996; Stennard et al., 1996; Horb and Thomsen, 1997),
which shows localized expression in the vegetal region and plays a pivotal role in the
mesendodermal gene activation (Zhang et al., 1998; Kofron et al., 1999).

The forkhead protein, Foxh1 is another core maternal TF, which recruits
phosphorylated Smad2 /3, co-effectors of Nodal/TGF-b signaling to activate
mesendodermal genes (Shen, 2007; Chiu et al., 2014). Unlike Vegt, Foxh1 is expressed
ubiquitously in the Xenopus blastula embryo (Chiu et al.,, 2014; Charney et al., 2017; Paraiso
et al.,, 2019) and binds mesendodermal CRMs (e.g., gsc, cerl, nodall and nodal2 enhancers).
The binding occurs as early as at the 32-cell stage, which is considerably earlier than the
onset of zygotic genome activation (Owen et al, 2016). Importantly, inhibition of Nodal
signaling using a chemical inhibitor, SB-431542 does not block the binding of Foxh1 on
CRMs, which indicates that Foxh1 binding to DNA is independent of Nodal signaling (Chiu

et al.,, 2014; Charney et al., 2017). Foxh1 also mediates transcriptional regulation without
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Smad?2/3 and serves as both an activator and a repressor of target genes, which include
hand2 and ssh1 (Charney et al.,, 2017; Chiu et al., 2014). Charney et al. showed the
correlation of Foxh1 and Tle/Groucho (co-repressor) binding genome-wide in early
blastula embryos (stage 8), which is the stage before the phosphorylation of Smad2/3 by
Nodal signaling, and that Tle binding is diminished on certain mesendodermal CRMs in
Foxh1-Morpholino oligonucleotide (MO) knockdown early blastula embryos. While
maternal TFs are critically important during germ layer specification and confer their DNA
binding activity before the onset of zygotic gene activation (ZGA) (Charney et al., 2017;
Paraiso et al., 2019), the spatial-temporal dynamics among maternal TFs and other co-
regulators and the interplay between maternal TF binding to DNA and the epigenetic
landscape of the genome during this period are still not well understood.

Several different approaches were used to examine the epigenetic state of
chromatin during ZGA. ATAC-seq and histone ChIP-seq analyses revealed that the overall
chromatin state of the early mouse and human embryos is relatively open and unmodified
(Wuetal, 2016; Wu et al,, 2018; Liu et al.,, 2016; Zhang et al., 2016). Similarly in Xenopus,
the chromatin of embryos around the time of ZGA is relatively unmodified (Akkers et al.,
2009; Gupta et al,, 2014; van Heeringen et al., 2014; Hontelez et al., 2015). The H3K27me3
mark, which detects heterochromatin, and H3K4me3 and H3K4me1 marks, which detect
active promoters and enhancers, respectively, are not found in embryos at the early
blastula stage (Akkers et al., 2009; Gupta et al., 2014; van Heeringen et al., 2014; Hontelez
et al.,, 2015). Since many maternal TFs are already bound to DNAs before significant
epigenetic modifications occur, this raises an important question. How do maternal TFs

bind to the genome on pre-selected sites and confer subsequent epigenetic modifications?
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Can maternal TFs like Foxh1 recruit chromatin modifier, thus directly linking the role of
Foxh1 in epigenetic regulation? I will address some of these questions by focusing on the
role of Foxh1 in recruiting chromatin modifier complexes.

Several pieces of evidence suggest that maternal TF, Foxh1 is a critical molecule in
coordinating the gene regulatory program controlling germ layer specification. In addition
to its ability to bind DNA at 32-cell stage, the Foxh1 bound sites are subsequently
recognized by RNA polymerase Il (RNAPII), subjected to histone H3K4me1 modification,
and recognized by Ep300 (E1A Binding Protein P300) (Charney et al., 2017; Paraiso et al,,
2019). To uncover the critical link between Foxh1 binding to DNA and epigenetic
modifications of the surrounding Foxh1 bound regions, we set out to identify the proteins
that interact with Foxh1. We reasoned that in addition to mediating Nodal signaling via
Smad2/3, Foxh1 interacts with chromatin modifierand these interactors can be identified
using mass spectrometry. We show that Foxh1 pulls down the components of Polycomb
Repressive Complex 2 (PRC2), which includes SUZ12, JARID2, EZH2, and RBBP7. Using
CRISPR/Cas9 technology, I obtained Foxh1 null mutant lines and show that Foxh1 is
required for the recruitment of the PRC2 complex and regulates the chromatin state of

early embryos.
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Results

Polycomb-associated proteins interact with Foxh1
To identify co-factors that interact with Foxh1, we first identified Foxh1-associated
proteins by tandem affinity purification-mass spectrometry (TAP-MS) analysis (Wang et al.,
2014; Lietal,, 2016) in mouse embryonic stem cells (mESCs). Foxh1 cDNA was cloned
downstream of a C-terminal SFB-tag (S-protein tag, 2X Flag tag, and streptavidin Binding
protein) and placed into a lentiviral vector (pLV-EF1a-IRES-Puro; Hayer et al.,, 2016). Three
independent populations of mESCs were harvested and subjected to immunoprecipitation
analysis. Two immunoprecipitations used two independent single clonally expanded mESC
lines harboring stably expressing mFoxh1-SFB cDNA and one immunoprecipitation was
obtained from mESCs that were transiently transfected with mFoxh1-SFB cDNA. We
performed the standard tandem affinity purification (TAP) steps; first affinity purification
using streptavidin beads, followed by a second affinity purification step using S protein
beads (Li et al., 2016). The affinity-purified proteins were subjected to SDS-PAGE and
excised for mass spectrometry analysis. We focused on 371 proteins that are present
among all three replicates (Figure 3.1A). We performed Panther GO analysis (Thomas et al.,
2003; Mi et al,, 2019) to narrow down the search to focus on proteins present in the
nucleus, by excluding extranuclear, ribosomal related proteins and proteins that are
involved in non-transcriptional biological processes (Figure 3.1B).

Following GO analysis-based filtering, eighty-four genes (Figure 3.1B, Table 3.2)
were subjected to gene ontology analysis using Metascape (http://metascape.org; Zhou et
al,, 2019). Those proteins are mostly categorized under transcriptional regulation (Figure

3.1C). One category, “Nodal signaling pathway” in the list validates that our TAP-MS
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analysis of mFoxh1-SFB is specific enough to isolate Foxh1 interactors. Foxh1 itself is
detected by a high number of peptides and Smad2 and Smad3 are also detected from all
three replicates (Table 3.2). Positive and negative regulation of gene expression and
chromatin organization are top-ranked functions (Figure 3.1C). SMARCA4 and 5, and
HELLS on the list are the subunits of a nucleosome remodeling complex, SWI/SNF
(SWItch/Sucrose Non-Fermentable; also called BAF (Brg/Brahma-associated factors))
which is essential for the embryonic stem cell (ESC) pluripotency (Peterson and Workman,
2000; Ho et al,, 2009). TET1, OGT, and HDAC1 are involved in regulating CpG island
methylation in ESCs (Vella et al., 2013). This suggests Foxh1 associated proteins are
involved in the epigenetic regulation of gene expression.

Among all the Foxh1 interactors, we noted that critical components of PRC2 are all
consistently detected. These include SUZ12, JARID2, enhancer of zeste homolog 2 (EZH2)
and embryonic ectoderm development (EED) (Table 3.2). Since the PCR2 complex
contributes to chromatin compaction and is responsible for the deposition of H3K27me3 to
repress target genes (Margueron and Reinberg, 2011), they are excellent candidates to
investigate their interactions and involvement in mediating Foxh1-dependent chromatin
modifications. Transcripts of suz12, jarid2, ezh2, and eed were all present in eggs and are
also maintained during early Xenopus embryonic development (Figure 3.2C). To confirm
the direct physical interactions between PRC2 subunits and Foxh1, we performed immuno-
western blot analyses using mESCs overexpressing HA-tagged SUZ12 and EZH2 and
3xFlag-tagged FOXH1 proteins. As shown in figure 3.2A and B, we detected specific
interactions of FOXH1- EZH2 and FOXH1- SUZ12, indicating that PCR2 subunits physically

interact with Foxh1. Since the interactions of FOXH1-EZH2 and FOXH1-SUZ12 proteins in

39



transfected cells could be indirectly mediated via tethering to DNA, we performed western
blot in the presence of ethidium bromide and benzonase. Ethidium bromide intercalates
DNA and significantly disrupts the conformation of DNA. Thus, if protein-protein
interaction is mediated via DNA, this will interfere with the complex formation. Benzonase
is a nuclease and will digest DNA that is present in the immunopreciptiation reaction.
Figure 3.2A and B show that the interaction between PRC2 subunits and Foxh1 is not

dependent on the presence of DNA.

Ezh2 binding is dynamic during early Xenopus embryogenesis
Ezh2 is a core subunit of PRC2 and a SET-domain-containing histone methyltransferase
(Cao and Zhang 2004). Its catalytic enzyme activity is responsible for depositing
methylation on histone 3 lysine 27 (Cao and Zhang 2004; Nekrasov et al., 2005; Tie et al,,
2007). In Xenopus, Ezh2 genome-wide binding was measured at the late blastula stage
(stage 9) and only a small subset of its binding sites gained H3K27me3 during subsequent
developmental stages (van Heeringen et al., 2014). To better understand the dynamic
activity of Ezh2, | performed Ezh2 ChIP-seq analysis using embryos from early blastula
(stage 7, ~256 cells in an embryo) to early gastrula (stage 10.5) stages (Figure 3.3). This
developmental time window corresponds to the beginning stage of zygotic genome
activation (stage 7), the stage forming three germ layers (stage 8-9), and the stage of
gastrulation movements (stage 10.5). Ezh2 binding was detected through those stages.
To learn more about Ezh2 binding dynamics, we identified high confidence Ezh2
peaks from stage 8 and stage 10.5 samples using ‘irreproducibility discovery rate’ (IDR)

analysis (Li et al., 2011). After implementing IDR analysis between two biological replicates
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at each stage, 2,215 and 11,973 Ezh2 peaks survived the IDR analysis at stage 8 and 10.5,
respectively. Forty-nine percent of stage 8 Ezh2 peaks (1,086 peaks) overlapped with stage
10.5 peaks (Figure 3.3B). Interestingly, the overlapping peaks (cluster II, Figure 3.3B-C)
persist through early Xenopus developmental stages between stage 7-10.5 (Figure 3.3C). On
the other hand, Ezh2 peaks in cluster I represent transient binding to DNA in the early
blastula stage 7 and 8. Peaks in cluster Il represent Ezh2 binding occurring after the late
blastula stage into the gastrula stage, with increased binding at the early gastrula stage
compared to the blastula stage. I examined the overlap between Ezh2 and Jarid2 peaks, and
note that clusters Il and I show extensive overlap with Jarid2 peaks, suggesting that the
Ezh2-Jarid2 PRC2 complex is formed around these peaks at early stages. However, the
weak peaks of Jarid2 in cluster III suggest that Ezh2 at later stages is in a PRC2-complex-
independent of Jarid2. It has been demonstrated previously that Ezh2 can bind to DNA and
activate the transcriptional response of some target genes (Kim et al.,, 2018). Interestingly,
the peaks in cluster III show a strong correlation with the binding of Ep300 and DNasel
sensitive regions. This suggests that genes associated with cluster III peaks may be
activated at later developmental stages. I also examined the presence of H3K27ac peaks

around Ezh2, but could only identify weak signals (Gupta et al., 2014) (Figure 3.3C).

Ezh2 forms a complex with Foxh1

It has been shown that Ezh2 does not bind to DNA directly (Lynch et al., 2012;
Schuettengruber et al., 2017), and requires the presence of other DNA-binding proteins. To
identify a partner TF that mediates Ezh2 binding during the early gem layer specification

and ZGA, I performed a motif enrichment search (MEME-ChIP) within a window size of
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500bp surrounding Ezh2 peak summits (Figure 3.4A). Cluster I peaks that show co-binding
of Ezh2 and Jarid2 are strongly enriched with Foxh1 motifs. Cluster 2 Ezh2 peaks also show
enrichment of Foxh1 motifs, followed by Pou and Sox motifs. Interestingly, cluster 3 shows
the strongest preference for the Sox motif. These data indicate that Ezh2 recruitment to
DNA is dynamic and regulated by different transcription factors at different developmental
stages.

Since Fox and Sox motifs are highly enriched surrounding Ezh2 peaks, and Foxh1
and Sox3 are major maternal TFs expressed at the stage, | examined the relationship
between Ezh2-Foxh1 and Ezh2-Sox3 using ChIP-seq at stage 8 and stage 10.5 (Figure 3.4B,
C). At stage 8, 66% of Ezh2 peak locations coincide with both Foxh1 and Sox3 peaks. At
stage 10.5 there is a significant increase in the appearance of Ezh2 peaks, and 59% of Ezh?2
peaks coincide with the location of Sox3 peaks, whereas only 6% of Ezh2 peaks overlap
with Foxh1 peaks. This finding confirms the observation that Ezh2 peaks in gastrula stage
are highly enriched with Sox motifs, and that the likely transcription factor partner is Sox3.

To demonstrate the direct physical interaction between Ezh2 and Foxh1, I
performed a sequential ChIP-qPCR analysis. First-round ChIP was performed using the
Ezh2 antibody, followed by a second ChIP using anti-Foxh1 or HA (as a mock control)
antibodies (Figure 3.4E-F). I chose three positive CRMs (pitx2, gata2, and zic3 enhancers)
that as active enhancer regions - pitx2 intron, gata2 0.7kb upstream, and zic3 5kb
upstream- are enriched over the control. This data demonstrate that Ezh2 and Foxh1 form

a complex in early Xenopus embryos.

Foxh1-deficient mutant embryos uncover the role of Ezh2 in H3K27me3 activity
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Since Ezh2 interacts with Foxh1 in blastula embryos, we investigated whether maternal
Foxh1 binding is required for the recruitment of Ezh2 during embryonic development.
Previously we have successfully knocked down Foxh1 protein synthesis by microinjecting
an antisense morpholino oligonucleotide (MO) targeting foxh1 mRNA in fertilized embryos
(Chiu et al., 2014). While the approach is efficient, the morphant phenotypes are not full
null phenotypes. In addition, the availability of thousands of Foxh1-deficient embryos is
needed to perform ChIP-seq experiments. We, therefore, wished to generate a Xenopus
tropicalis null mutant line deficient in foxh1 using a CRISPR-Cas9 genome editing approach
(Blitz et al., 2013; Nakayama et al., 2013). We targeted the beginning of Foxh1 translation
regions by designing a specific gRNA (Foxh1-G58 used for PAM site, Table 3.2). Together
with hCas9 mRNA, gRNA was injected into fertilized embryos, and the resulting embryos
were raised to mature female frogs. Eggs from Foxh1 FO CRISPR females were in vitro
fertilized using wild-type (WT) male sperm. F1 embryos resulting from two F0O female lines
were 100% embryonic lethal displaying severe axial defects (Figure 3.5A), suggesting that
all eggs resulting from these females have out-of-frame indels. All control sibling embryos
(wild type) grew normally. We genotyped F1 embryos resulting from the CRISPR-targeted
FO females by sequencing the foxh1 locus. All embryos resulting from the two independent
FO females had frame-shift mutations (Table 3.2). Microinjection of wild type foxhI mRNA
into the Foxh1-deficient F1 embryos full rescued the embryonic lethal phenotype and these
embryos grew normally (Figure 3.5A). This indicates that the lethality of Foxh1 CRISPR
mutants is solely caused by the loss of Foxh1 transcripts in eggs.

[ also performed immunoprecipitation and western blot (IP-western) analysis of

Foxh1-deficient F1 embryos to ensure that the Foxh1 mutants are true null. I isolated
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protein extracts from both Foxh1 F1 mutant embryos and control sibling WT control
embryos. [P-western blot analysis of the extracts using anti-Foxh1 antibody showed that
Foxh1 protein is absent in FO heterozygous mutants, demonstrating that eggs derived from
Foxh1-deficient FO females are deficient in Foxh1 protein expression.

Next, I performed Ezh2 ChIP-seq analysis on Foxh1-deficient embryos. Ezh2 binding
surrounding the enhancer regions of gataZ and pitx2 was undetectable (Figure 3.6A), and
Ezh2 binding was significantly reduced in Foxh1 mutants at the whole genome level
(Figure 3.6B). This data shows that Foxh1 is required for Ezh2 recruitment during early
Xenopus embryonic development. Interestingly, Ep300 binding was not affected by Foxh1
depletion. The data suggest that Ep300 recruitment and Ezh2 recruitment via Foxh1 may
be regulated by two independent events.

Ezh2 is the catalytic subunit of PRC2, which has histone methyltransferase activity
to deposit trimethyl groups to lysine 27 of histone 3 (H3K27me3)(Cao and Zhang 2004;
Schuettengruber et al. 2009). Since Ezh2 recruitment is dependent on Foxh1, I tested the
possibility that H3K27me3 is mediated by Foxh1, and that in the absence of Foxh1,
H3K27me3 modification is significantly compromised. Reported ChIP-seq analysis showed
that the H3K27me3 mark is not prevalent in early developmental stages (van Heeringen et
al., 2014; Hontelez et al., 2015). While I detected a reduction of H3K27me3 peaks in some
regions (Figure 3.6C), overall the change was not statistically significant at the whole

genome level (Figure 3.6 D).

H3K27me3 activity is regionally regulated

44



[ examined the distribution of the H3K27me3 mark in different germ layers, as the PRC2
activity may be different among three germ layers. Wild type embryos were manually
dissected into ectoderm and endoderm explants and H3K27me3 levels were examined in
each specific germ layer by performing ChIP-seq analysis. H3K27me3 marks are detected
in both ectoderm and endoderm layers, but clearly, the degrees of H3K27me3 were
different. For example, H3K27me3 marks are more enriched in ectodermal cells in Xenopus
embryos around the endodermal genes such as gata4 and sox17s (sox17a, sox17b1, and
sox17b2) (Figure 3.6C-D). Whereas the same endodermal genes are devoid of H3K27me3
modification in endodermal cells. The mesoderm specific gene, eomes was similarly
strongly marked with H3K27me3 and its enrichment was also higher in the ectodermal
layer than the endodermal layer (Figure 3.6B).

[ also note that there were only a few ectodermal genes that were marked with
H3K27me3. In the case of ectodermal genes, dix6 and dix5 (Figure 3.6A), H3K27me3
enrichment was seen in both germ layers. However, this analysis is somewhat limited since
few ectodermal specific genes were subjected to H3K27me3 modification. Additional study
is needed using Foxh1 mutant embryos to determine the link between Foxh1 and Ezh2, and
the PCR2 complex activity. Nonetheless, from the limited data, I conclude that in general
germ layer-specific H3K27me3 enrichment occurs on the endodermal genes, and this
activity seems to be specifically restricted to the ectodermal territory. This suggests that
chromatin remodeling is spatially regulated during early embryogenesis. I propose that
this localized PRC2 activity on endodermal genes provides an attractive model to explain

how endoderm and mesoderm germ layer-specific genes remain active in mesoderm and
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endoderm, but at the same time, the same genes are silenced in another tissue or cell types

(such as ectoderm) where these genes are not needed.
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Discussion

How chromatin remodelers are recruited to their genomic target regions is one of the
major questions about the epigenetic regulation of gene expression. Here we showed the
maternal transcription factor, Foxh1 is required to recruit the histone modification
enzyme, Ezh2 - a core subunit of the PRC2 complex which deposits the repressive histone
mark, H3K27me3 - during early Xenopus embryogenesis. We showed the reduction of Ezh2
binding at early blastula embryos is Foxh1-dependent. First, using both mESCs and Xenopus
embryos, Foxh1 was shown to physically interact with Ezh2. Second, the recruitment of
Ezh2 to DNA requires the presence of Foxh1 as Ezh2 was unable to bind to DNA in Foxh1-
deficient embryos. However, in the absence of Foxh1 pre-marking, and thus in the absence
of Ezh2 recruitment, I was able to detect only a small fraction of genes showing differential
H3K27me3 marks. [ also observed the differential modification of endodermal genes in
different germ layers and propose that germ layer-specific H3K27me3 marking is an

important regulatory process conferring germ layer-specific gene expression.

Foxh1 recruits histone modifier Ezh2

Based on this data, | propose the following mechanism (Figure 3.8). Maternal TF, Foxh1
binds to CRMs at least as early as 32-cell stage and Ezh2 is recruited on Foxh1 binding sites
at the early blastula stage (stage 7, about 250 cells per embryo). Before ZGA, Foxh1 is
prebound to DNA together with Ezh2 throughout the whole embryo. Since Foxh1 is
ubiquitously expressed in the blastula embryos, and Ezh2 is detected in both the animal
and the vegetal side of 8-cell embryos, then its target genes are transcriptionally silent.

After ZGA, in the endodermal cells of the embryo, Nodal signaling is activated via the
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transcriptional activation of nodal genes by maternally-expressed Vegt (Zhang et al., 1998;
Kofron et al,, 1999). Since Foxh1 is a core component of Nodal signaling, Smad2 /3 will be
recruited to the site and Ezh2 will be evicted from the CRMs. This results in activation of
endodermal genes when the Nodal signaling pathway is activated (Chen et al., 1996; Chen
etal.,, 1997; Yoon et al,, 2011; Chiu et al., 2014). This eviction mechanism by Smad2/3
predicts that the Ezh2-Foxh1 complex formed around endodermal genes will not be evicted
in the ectoderm, as Nodal signaling is absent in ectoderm. Thus in the ectodermal cells,
endoderm genes are actively silenced by the recruitment of PRC2 complex by Foxh1-Ezh2
complex. This model is attractive as it explains how the cell ensures activation of genes for
appropriate lineage development while keeping inappropriate genes repressed to prevent
alternate lineage commitment.

In the case of ectodermal genes, H3K27me3 marking is less prevalent than in
endodermal genes. One possible explanation of this phenomenon is that PRC2 activity
would be different in each germ layer of the gastrula embryos. We see stage 10.5 Ezh2
peaks are more overlapping with Sox3 than Foxh1 and Sox3 peaks also overlap with Ezh2
at stage 8 (Figure 3.4B-D). Since Sox2 and Ezh?2 both are known for the involvement of
ectoderm specification in embryonic stem cell differentiation (Amador-Arjona et al., 2015;
Juan_2016; Shan et al., 2017) and both Sox2 and Sox3 are SOXB1 transcription factors, then
maternally expressed Sox3 in Xenopus could play similar roles as mouse SOX2 for ectoderm
specification. The conserved expression pattern of maternal SoxB1 in the animal pole
(future ectodermal region) and zygotic SoxB1 in the nascent ectoderm in chordate embryos

has been reported (Cattell et al., 2012). Therefore, at stage10.5 Ezh2 might have a stronger
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interaction with Sox3 than Foxh1 in ectodermal cells. This Sox3 interaction with Ezh2 in
ectodermal cells needs to be more carefully tested with zygotic Sox2 binding in the future.
While I prefer the above model described in Figure 3.8, an alternative model is that
Ezh2 /PRC2 activity is more stable or abundant in the ectodermal germ layer after blastula
stages. This is supported by the view that Ezh2 /PRC2 is more active in neural and neural
crest cells during Xenopus neurulation (Reijnen et al., 1995; Aldiri and Vetter, 2009; Tien et
al,, 2015). However, events in neurulation at later, post-gastrulation developmental stages,
would be less relevant to Foxh1-mediated regulatory programs and more related to zygotic

ectodermal TFs like Sox2.

Foxh1 mediated PRC2.2 complex recruitment

Not only the recruitment of PRC2 but also the maintenance of PRC2 at its target site is
required for PRC2 activity - deposition and spreading of H3K27me3 mark. In Drosophila, it
was shown that the presence of H3K27me3 was not sufficient to maintain PRC2 at target
sites and propagate repressive chromatin mark (Laprell et al., 2017; Coleman and Struhl,
2017). Continuous PRC2 recruitment would be required to maintain and propagate PRC2
and H3K27me3 to regulate gene expression. It has been suggested that PRC2 facultative
subunits could have this function because the core subunits of PRC2 are considered not to
possess this ability (Laugesen et al., 2016). Based on the components of the facultative
subunits, PRC2 have at least two distinct multimeric protein complexes - PRC2.1 and
PRC2.2 - and those facultative subunits are mutually exclusive to either complex (Hauri et
al,, 2016). PRC2.1 includes one of the PCL proteins (PHF1, MTF2, or PHF19) and EPOP or

PALI1, and PRC2.2, by contrast, includes AEBP2 and JARID2 and these non-core PRC2
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subunits distinctively regulate PRC2 recruitment and activity (Alekseyenko et al., 2014;
Hauri et al.,, 2016; Grijzenhout et al., 2016). Our Foxh1 mESCs mass-spec data does not list
any PRC2.1 facultative subunits but does show one of the PRC2.2 facultative subunits,
Jarid2. From the Jarid2 ChiP-seq, we see Jarid2 binding overlapping with Foxh1 and Ezh2
binding in stage 9 Xenopus embryos (Figure3.3D). Therefore the PRC2.2 complex including
Ezh2 and Jarid2 would be recruited on Foxh1-dependent target sites in early Xenopus
embryos. It would be interesting to test PRC2.1 involvement after ZGA and later
developmental stages when maternal Foxh1 is removed or to Foxh1 independent PRC2

recruitment.

Multiple TFs are involved for PRC2 recruitment on DNA

Motif enrichment analysis of Ezh2 binding regions (Figure 3.4A) indicates Ezh2-bound
region recruits Sox and Pou-like TFs in addition to Foxh1. Jarid2 peaks are also enriched
with Fox, Sox, and Pou motifs (van Heeringen et al., 2014). This suggests PRC2 is recruited
to sites where Fox, Sox or Pou TF binds. Furthermore, ChIP-seq analysis of Sox3 shows a
strong correlation between Sox3 and Ezh2-Foxh1 binding regions (Figure 3.4B). Together,
these pieces of evidence suggest the co-occupancy of multiple TFs, forming
enhanceosomes. Co-localization of PcG components with pluripotency factors Oct4, Sox2,
and Nanog in ESCs was previously reported (Bernstein et al., 2006; Boyer et al., 2006; Lee
et al.,, 2006), and those Oct4, Sox2, and Nanog co-bound regions in ESCs form super-
enhancers (SE) to control the pluripotent state. The SE is distinguished from typical
enhancers by size, transcription factor density and content, and the ability to activate

transcription of the target genes (Whyte et al., 2013). Recently Paraiso et al. (2019)
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identified Xenopus endodermal SEs, which are the large enhancer clusters with the co-
occupancy of three maternal TFs - Otx1, Vegt, and Foxh1 (Paraiso et al., 2019). These
endodermal SEs contain not only stronger signals of enhancer marks - H3K4me1, Ep300,
and H3K27ac - but also have stronger signals of polycomb markers - H3K27me3, Jarid2,
and Ezh2 - than regular enhancers (Paraiso et al., 2019). While highly speculative, it is
tempting to propose that, Ezh2/PCR2 complex recruitment is mediated by multiple
Foxh1/Sox/Pou TFs forming enhanceosomes to promote the PRC2 complex formation, and

subsequent epigenetic modifications such as H3K27me3.

The interplay between maternal TFs and PRC2 for spatial regulation of gene
expression

Here I showed the regionally differential H3K27me3 activity in early Xenopus gastrula
embryos. Germ layer-specific H3K27me3 enrichment was especially monitored on the
endodermal genes in the ectodermal tissue of the embryo. This localized PRC2 activity on
endodermal genes suggests that chromatin remodeling is spatially regulated during early
embryogenesis. Ezh2, the core catalytic subunit of PRC2, depends on Foxh1 for
recruitment. Foxh1 binding sites are enriched with Sox and Pou motifs (Chiu et al., 2014;
Charney et al., 2017), which suggests the interaction of multiple TFs on their cis-regulatory
regions. I also detected the presence of Sox and Pou motifs besides the Foxh1 motif
underneath Ezh?2 peaks and the preference of Sox motif changed in the temporal binding
dynamics of Ezh2 (Figure 3.4A and B). Moreover Sox3 bindings overlap with Ezh2-Foxh1
binding sites and de novo Ezh2 binding at stage 10.5 (cluster 3 in Figure 3.4B) is more

strongly correlated with Sox3 binding than Foxh1. These results suggest the involvement of
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multiple TFs on chromatin modifier recruitment. Although, Sox3 is a known ectodermal TF
and its expression level has been reported in the animal cap side of the embryo (Cattell et
al,, 2012), RNA-seq data from dissected 8-cell embryos (De Dominico et al., 2015; Paraiso et
al., 2019) showed the high transcription level of sox3 in both animal cap and vegetal mass
cells and therefore maternal Sox3 may have a distinctive role in early embryogenesis other
than the known roles in ectodermal lineage specification and neurulation. Localized
maternal TFs can give spatially different combinatorial TF bindings on their target sites

and result in spatially differential regulation of gene expression and chromatin states. In-
depth measurement of the spatial activity of these TFs as well as biochemical studies will

help to understand the mechanism mediated by Ezh2 /PRC2.
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Figure 3.1 Foxh1-associated proteins are involved in epigenetic regulation of gene
expression A) Venn diagram of Foxh1 associated proteins in three populations of mFoxH1-SFB
transduced mESCs (E14) that are detected by mass spectrometry. B) Flowchart to select nuclear
proteins by through GO analysis-biased filtering from proteins detected from all three samples
of Fig3.1A. C) GO analysis using Foxh1-associated 84 nuclear protein.
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Table 3.1. List of 84 nuclear proteins (Firgure 3.1B) from Foxh1 baited mass
spectrometry in mESCs with its biological GO description

Input ID Description Biological Process (GO)
Actb actin beta G0:0051623 positive regulation of norepinephrine uptake
Aifm1 apoptosis inducing factor mitochondria associated 1 G0:1904045 cellular response to aldosterone
Ankrd17 ankyrin repeat domain 17 G0:1900245 positive regulation of MDA-5 signaling pathway
Atp2a2 ATPase sarcoplasmic/endoplasmic reticulum Ca2+ G0:1903233 regulation of calcium ion-dependent exocytosis of
transporting 2 neurotransmitter
Cebpz CCAAT enhancer binding protein zeta G0:0045944 positive regulation of transcription by RNA polymerase Il
Ckap4 cytoskeleton associated protein 4 G0:0043312 neutrophil degranulation
Dnajc21 Dnal heat shock protein family (Hsp40) member C21 G0:0006457 protein folding
Dnajc9 Dnal heat shock protein family (Hsp40) member C9 G0:0032781 positive regulation of ATPase activity
Dnmt3lI DNA methyltransferase 3 like G0:1905642 negative regulation of DNA methylation
Drgl developmentally regulated GTP binding protein 1 G0:1901673 regulation of mitotic spindle assembly
Esco2 establishment of sister chromatid cohesion N- G0:0034421 post-translational protein acetylation
acetyltransferase 2
Ezh2 enhancer of zeste 2 polycomb repressive complex 2 G0:0098532 histone H3-K27 trimethylation
subunit
Fam98b family with sequence similarity 98 member B G0:0006388 tRNA splicing, via endonucleolytic cleavage and ligation
Foxhl forkhead box H1 G0:1900164 nodal signaling pathway involved in determination of
lateral mesoderm left/right asymmetry
Fus FUS RNA binding protein G0:1905168 positive regulation of double-strand break repair via
homologous recombination
Fxrl FMR1 autosomal homolog 1 G0:2000637 positive regulation of gene silencing by miRNA
G3bp1l G3BP stress granule assembly factor 1 G0:0090090 negative regulation of canonical Wnt signaling pathway
Glyrl glyoxylate reductase 1 homolog G0:0055114 oxidation-reduction process
Gnai2 G protein subunit alpha i2 G0:0140199 negative regulation of adenylate cyclase-activating
adrenergic receptor signaling pathway involved in heart process
Gnl3 G protein nucleolar 3 G0:1904816 positive regulation of protein localization to chromosome,
telomeric region
Gnl3I G protein nucleolar 3 like G0:1904816 positive regulation of protein localization to chromosome,
telomeric region
Gpx4 glutathione peroxidase 4 G0:0110076 negative regulation of ferroptosis
Hdac1 histone deacetylase 1 G0:0061198 fungiform papilla formation
Hdlbp high density lipoprotein binding protein G0:0034384 high-density lipoprotein particle clearance
Hells helicase, lymphoid specific G0:0031508 pericentric heterochromatin assembly
Histlhla histone cluster 1 H1 family member a G0:0031936 negative regulation of chromatin silencing
Histlhle histone cluster 1 H1 family member e G0:0098532 histone H3-K27 trimethylation
Hnrnpa0 heterogeneous nuclear ribonucleoprotein A0 G0:0070935 3'-UTR-mediated mRNA stabilization
Hnrnpab heterogeneous nuclear ribonucleoprotein A/B G0:0001837 epithelial to mesenchymal transition
Hnrnpd heterogeneous nuclear ribonucleoprotein D G0:1905663 positive regulation of telomerase RNA reverse
transcriptase activity
Hnrnpr heterogeneous nuclear ribonucleoprotein R G0:0061157 mRNA destabilization
Jarid2 jumonji and AT-rich interaction domain containing 2 G0:0034721 histone H3-K4 demethylation, trimethyl-H3-K4-specific
Lbr lamin B receptor G0:0030223 neutrophil differentiation
Lyar Lyl antibody reactive G0:0048821 erythrocyte development
Mtdh metadherin G0:0031663 lipopolysaccharide-mediated signaling pathway
Mybbpla MYB binding protein 1a G0:2000210 positive regulation of anoikis
Myef2 myelin expression factor 2 G0:2000815 regulation of mRNA stability involved in response to
oxidative stress
Ncl nucleolin G0:1901838 positive regulation of transcription of nucleolar large
rRNA by RNA polymerase |
Nemf nuclear export mediator factor G0:1990116 ribosome-associated ubiquitin-dependent protein
catabolic process
Nifk nucleolar protein interacting with the FHA domain of | G0:0009303 rRNA transcription;G0:0098781 ncRNA transcription
MKI67
Nop16 NOP16 nucleolar protein G0:0042273 ribosomal large subunit biogenesis
Nsd1 nuclear receptor binding SET domain protein 1 G0:0000414 regulation of histone H3-K36 methylation
Nvl nuclear VCP like G0:1904749 regulation of protein localization to nucleolus
Nxfl nuclear RNA export factor 1 G0:0016973 poly(A)+ mRNA export from nucleus
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Ogt O-linked N-acetylglucosamine (GIcNAc) transferase G0:0061087 positive regulation of histone H3-K27 methylation

Pfkp phosphofructokinase, platelet G0:0061621 canonical glycolysis;G0:0061620 glycolytic process
through glucose-6-phosphate

Phb prohibitin G0:2000323 negative regulation of glucocorticoid receptor signaling
pathway

Pisd phosphatidylserine decarboxylase G0:0006646 phosphatidylethanolamine biosynthetic process

Polrlc RNA polymerase | and Il subunit C G0:0006362 transcription elongation from RNA polymerase | promoter

Polrle RNA polymerase | subunit E G0:0001188 RNA polymerase | preinitiation complex assembly

Polr2a RNA polymerase Il subunit A G0:0050434 positive regulation of viral transcription

Polr2e RNA polymerase Il subunit E G0:0050434 positive regulation of viral transcription

Prdx1 peroxiredoxin 1 G0:0019430 removal of superoxide radicals

Prkci protein kinase C iota G0:0046326 positive regulation of glucose import

Rbbp7 RB binding protein 7, chromatin remodeling factor G0:0034080 CENP-A containing nucleosome assembly

Rbm34 RNA binding motif protein 34

Rcc2 regulator of chromosome condensation 2 G0:0072356 chromosome passenger complex localization to
kinetochore

Rps19bpl ribosomal protein $19 binding protein 1

Rrp12 ribosomal RNA processing 12 homolog

Ruvbl1 RuvB like AAA ATPase 1 G0:1904874 positive regulation of telomerase RNA localization to Cajal
body

Ruvbl2 RuvB like AAA ATPase 2 G0:1904874 positive regulation of telomerase RNA localization to Cajal
body

Senp3 SUMO specific peptidase 3 G0:0016926 protein desumoylation;

Serbp1l SERPINE1 mRNA binding protein 1 G0:0030578 PML body organization

Skp1 S-phase kinase associated protein 1 G0:0002223 stimulatory C-type lectin receptor signaling pathway

Smad2 SMAD family member 2 G0:1900224 positive regulation of nodal signaling pathway involved in
determination of lateral mesoderm left/right asymmetry

Smad3 SMAD family member 3 G0:0019049 evasion or tolerance of host defenses by virus

Smarca5 SWI/SNF related, matrix associated, actin dependent G0:0034080 CENP-A containing nucleosome assembly

regulator of chromatin, subfamily a, member 5

Suzl2 SUZ12 polycomb repressive complex 2 subunit G0:0070734 histone H3-K27 methylation

Tecr trans-2,3-enoyl-CoA reductase G0:0035338 long-chain fatty-acyl-CoA biosynthetic process

Tetl tet methylcytosine dioxygenase 1 G0:0090310 negative regulation of methylation-dependent chromatin
silencing

Tex10 testis expressed 10 G0:0006364 rRNA processing

Tmpo thymopoietin G0:0006355 regulation of transcription, DNA-templated

Trim25 tripartite motif containing 25 G0:1902187 negative regulation of viral release from host cell

Trim28 tripartite motif containing 28 G0:1902187 negative regulation of viral release from host cell
intermediate

Tubb4a tubulin beta 4A class IVa G0:0031115 negative regulation of microtubule polymerization

Tubb4b tubulin beta 4B class IVb G0:0097711 ciliary basal body-plasma membrane docking

Urb2 URB2 ribosome biogenesis homolog G0:0042254 ribosome biogenesis;G0:0022613 ribonucleoprotein
complex biogenesis

Vcp valosin containing protein G0:1903007 positive regulation of Lys63-specific deubiquitinase
activity

Vdac2 voltage dependent anion channel 2 G0:0007339 binding of sperm to zona pellucida

Wdr18 WD repeat domain 18 G0:0006267 pre-replicative complex assembly involved in nuclear cell
cycle DNA replication

Ybx3 Y-box binding protein 3 G0:1902219 negative regulation of intrinsic apoptotic signaling
pathway in response to osmotic stress

Ymelll YMEL1 like 1 ATPase G0:0006851 mitochondrial calcium ion transmembrane transport

Zscan4c None None
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Table 3.2. Top-ranked Foxh1-associated proteins based on the average number of
peptides detected from all three replicates from Foxh1 baited mass spectrometry

Protein n

NCL 75 TUBB4A 6 HIST1H1E 4 GPX4 2
MYBBP1A 68  AIFM1 5 PHB 3 JARID2** 2
FOXH1 67 POLR1E 5 HELLS 3 SENP3 2
TRIM28 33 RUVBL2 5 TET1 3 HNRNPD 2
GNL3 17 RCC2 5 VCAC2 3 DNMT3L 2
ACTB 9 POLR1C 4 OGT 3 EZH2** 2
POLR2A 9 HIST1H1A 4 SKP1 3 HDAC1 2
FXR1 8 SNSD1 4 SMAD3* 3 POLR2E 2
SMAD2* 8 SMARCA5 4 SUZ12** 3

RUVBL1 7 GNL3L 4 FAM98B 2

*: FOXH1 known interaction proteins
**: subunits of PRC2 complex
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Figure 3.2 Polycom-associated proteins interact with Foxh1 [P-western blot analysis of (A)
HA-Ezh?2 and Flag-Foxh1 and (B) HA-Suz12 and Flag-Foxh1 in HA-PRC2 subunits and 3XFlag-
Foxh1 transfected HEK293T cells. Benzonase or ethidium bromide (EtBr) was treated for the
nucleic acid free condition. C) Temporal transcriptional expression level of PRC2 subunits by
mRNA-seq over the course of early Xenopus tropicalis development (Owen et al., 2016)
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Figure 3.3 Ezh2 binding is dynamic and Ezh2 bound genes display dynamic
transcriptional activity A) A genome-wide profile of the time course Ezh2 ChIP-seq and stage
9 Jarid2 ChIP-seq near zygotic genes, foxIZ and hoxd9. B) The overlap of Ezh2 IDR peaks
between stage 8 and stage 10.5. Each group of Ezh2 peaks is used for the clusters of heatmaps.
C) Clustered heatmaps ordered by Ezh2 ChIP-seq signals on the summit of all Ezh2 peaks. D)
Heatmaps of Jarid2, DNase, Ep300, and H3K27ac using the same order of peaks in Ezh?2
heatmap in panel (C) before. E) Genomic distribution of Ezh2 peaks in each cluster. F) Temporal
gene expression of Ezh2-bound genes in each cluster.
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Figure 3.4 Ezh2 forms a complex with Foxh1 A) Motif analysis on sequences under the
clustered Ezh2 peaks to see the TF motif enrichments. B) Heatmaps of the time course Foxh1
and Sox3 ChIP-seqs using the order of Figure 3.2C. Overlaps of Ezh2, Foxh1 and Sox3 IDR peaks
at (C) stage 8 and (D) stage 10.5. E) Schematic diagram of the sequential ChIP. F) Sequential
ChIP-qPCR using anti-Ezh2 followed by anti-HA or anti-Foxh1.
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Table 3.3. Sequence near Foxh1 CRISPR target regions from F1 embryos

Sequence around the mutation site (from FO female #1)

na:-Hm

GGCCGCCCTTGTACCGAGAGGGGGGCACCTGGAGCCCAGACAGA WT n=43
GGCCGCCCTTGTACCG-GAGGGGGGCACCTGGAGCCCAGACAGA 1del 20.9% (9/43)
GGCCGCCCTTGTACC--AAGGGGGGCACCTGGAGCCCAGACAGA 2del_1sub 25.6% (11/43)
GGCCGCCCTTGTACC-———— TGGAGCACCTGGAGCCCAGACAGA 5del_2sub 27.9% (12/43)
GGCCGCCCTTGGCCGCCCTT----GCACCTGGAGCCCAGACAGA 4del_9sub 25.6% (11/43)
Sequence around the mutation site (from FOfemale #2)
GGCCGCCCTTGTACCGAGAGGGGGGCACCTGGAGCCCAGACAGA WT n=24
GGCCGCCCTTGTA----GAGGGGGGCACCTGGAGCCCAGACAGA 4del 20.9% (10/24)
GGCCGCCCTTGTACCGAG--GGGGGCACCTGGAGCCCAGACAGA 2del 25.6% (13/24)

GGCCGCCCTTGTACCGTCGAGGGGGGCACCTGGAGCCCAGACAGA  1del_2sub  27.9% (1/24)

A B

wWT . no Foxhi1. Foxh1

_—w lysate WT mut WT mut
Foxh1 P —

mut_1 IgG heavy chain . .' a-

mut_ 249 . IP-WB: anti-Foxh1

res_1

res_2 .

Figure 3.5 Generation of Foxh1 mutant embryos A) Phenotype of Foxh1 mutant embryos
and rescued embryos by foxh1 mRNA injection. B) [P-western blot analysis using anti-Foxh1.
Arrowhead indicates Foxh1 at ~56kDa. The lower band corresponds to the IgG heavy chain
from the immunoprecipitation.
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Figure 3.6 Ezh2-mediated H3K27me3 activity is Foxh1-dependent A) Genome browser
view of Foxh1 peaks and Ezh2 peaks between wild-type (WT) and Foxh1 mutant embryos.
Arrowheads mark the Ezh2 peaks that are diminished on Foxh1 mutant embryos. B)
Comparison of stage 8 Ezh2 and stage 10.5 Ep300 ChIP signals between WT and Foxh1 mutant
embryos. The peak region order is same as in Figure 3.2C. C) Genome-wide view of H3K27me3
activity between stage 10.5 WT and Foxh1 mutant embryos. The regions of reduced H3K27me3
enrichments were indicated with dotted boxes. D) Box-plot of H3K27me3 enrichment between
WT and Foxh1 mutant in Ezh2 associated genes from Figure 3.2F.
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Figure 3.7 H3K27me3 activity is regionally regulated H3K27me3 deposits differently on
germ layer specific developmental genes (A) ectodermal genes, dix5 and dIx 6; (B) mesodermal
gene, eomes; endodermal genes, (C) gata4 and (D) sox17a, sox17b.1 and sox17b.2.
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Figure 3.8 Proposed model of Foxh1-dependent regional H3K27me3 activity Foxh1
bookmarks cis-regulatory modules (CRMs) of germ layer-specific genes and recruits Ezh2 at
early blastula stage and Ezh2 recruitment on endodermal CRMs on ectoderm germ layer
deposits H3K27me3 to repress spatially inappropriate genes.
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Experimental Procedures

Constructs and Viruses
Mouse Foxh1 ORF was generated from mESC E14 cDNA and subcloned into pDONOR201
vector using Gateway Technology (Invitrogen, Carlsbad, CA) as the entry clone. This entry
clone was subsequently recombined into the modified lentiviral pLV-EF1a-IRES-Puro
vector (Hayer et al., 2016) for the expression of C-terminal triple (S tag-Flag tag-SBP tag, or
SFB) tagged fusion proteins (Wang et al., 2014).

The lentiviral mFoxh1 supernatant was generated by transient transfection of 293T
cells with helper plasmids pSPAX2 and pMD2G (kindly provided by Dr. Wang, University of
California, Irvine) and harvested 48 hours later. The supernatant was passed through a

0.45-um filter and used to infect mESC E14 cells with the addition of 8ug/ml polybrene.

Cell Culture and Transfection

mESC E14 cells were maintained in Glasgow minimal essential medium (G-MEM)
supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine, 1mM sodium
pyruvate, 1X MEM non-essential amino acid solution, 1X bME solution, and 6*10*5 U
murine LIF at 37°C in 5% CO2 (v/v). 293T cells were maintained in Dulbecco modified
essential medium (DMEM) supplemented with 10% FBS. All culture media contained 1X
penicillin streptomycin antibiotics. Plasmid transfection was performed using

polyethylenimine.

Tandem Affinity Purification of SFB-tagged mFoxh1 Complexes
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mESC E14 cells were infected twice with lentivirus encoding SFB-fused mFoxh1. Cells
stably expressing Foxh1-SFB fusion protein were selected in 2ug/ml puromycin and
confirmed by immunostaining and Western blotting. Single clonal E14 lines expressing
mFoxh1-SFB fusion protein were established using serial dilution method. Affinity
purification was performed as previously described (Wang et al., 2014). Eluted proteins
were subjected to SDS-PAGE, excised and sent for mass spectrometry analysis (performed
by Taplin Mass Spectrometry Facility, Harvard Medical School). This experiment was done
using the following E14 cells: non-transduced E14 cells, mFoxh1-SFB transduced E14 cells
with a heterogeneous population, and two independent single clonal mFoxh1-SFB

transduced E14 cells.

Frog husbandry and embryo handling

Xenopus tropicalis frogs were raised and maintained under the University of California,
Irvine Institutional Animal Care Use Committee (IACUC). Mature male and female frogs
raised in the laboratory and/or purchased from NASCO (University of Virginia stock). X.
tropicalis females were pre-primed with 10 units (U) of human chorionic gonadotropin
(Chorulon HCG, Merck and Co.) 1-3 nights before eggs collection and then were primed
with 100U of HCG on the day of embryo collection. Eggs were collected in 1X Marc’s
modified Ringers (MMR) and in vitro fertilized using testis macerated in 1X MMR
containing 1 mg BSA/mL. Sperm suspension into eggs was diluted with 1/9X MMR to
activate the sperm, and 10 minutes after sperm addition, the fertilized eggs were de-jellied
using 3% cysteine in 1/9x MMR, pH 7.8. De-jellied embryos were cultured at 25°C in 1/9X
MMR until the desired stage according to Nieukwoop-Faber developmental table

(Nieuwkoop and Faber, 1994).
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Preparation and microinjection of CRISPR sgRNA design and Cas9

CRISPR-mediated mutagenesis in Xenopus was performed as described (Blitz et al., 2013;
Nakayama et al., 2014) with modifications. Foxh1 gRNA was designed to mutagenize at the
beginning of the translation site of foxh1. The foxh1-targeted sequence was 5'-
GGCCGCCCTTGTACCGAGAGGGG-3'. Linearized pCasX plasmid used for the transcription of
hCas9 mRNA by using the T7 mMessage mMachine kit (Ambion). The dose range injected
was 3-4 ng hCas9 mRNA/embryo and 150-200 pg foxh1 gRNA/embryo. The cocktail of
hCas9 mRNA and foxh1 gRNA in 4 nL of the injection volume was microinjected into four
sites per embryo around the equator. During microinjection, embryos were in agarose-
coated plates containing 1X MMR at room temperature and then embryos were
subsequently cultured in agarose-coated plates in 1/9X MMR at 24-25°C until desired

stages.

Genomic PCR and Sequencing for F1 genotyping

Individual F1 embryos were obtained by in vitro fertilization of eggs from Foxh1 CRISPR FO
female or wild type (WT) female with sperm from a WT male. Each single embryo was
transferred to 0.2-mL PCR tubes containing 100 pl of lysis buffer (50 mM Tris, pH 8.8, 1 mM
EDTA, 0.5% Tween 20, 200 pg/ml proteinase K). Embryos are incubated at 56°C for 2 h to
overnight, followed by incubation at 95°C for 10 min to inactivate proteinase K. Lysates
were centrifuged for 1 min at 4°C and 1 ul aliquots were used directly in 20uL PCR
reactions. The locus of interest was amplified by PCR with the following primers: Forward:

5’-CCACTTGCTGAAGGTTCGTT-3’ and Reverse: 5’-AATATGGTGGCTTGGCGTAG-3". PCR
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product was purified and eluted in 20pL and then 1uL of the purified PCR product was

sequenced (GeneWiz) using the same primers used for PCR.

Chromatin immunoprecipitation (ChIP) assay

ChIP using Xenopus tropicalis embryos was performed as previously described (Charney et
al,, 2017). The following antibodies were used: anti-Ezh2 (Abcam ab3748 or Abcam
ab191250), anti-Foxh1 (Chiu et al., 2014), anti-HA (Abcam ab9110) anti-Sox3 (Zhang et al.,
2003), and anti-H3K27me3 (Upstate/Millipore 07-449).

For sequential ChIP assay, the first round of ChIP was performed as the single round of
ChIP. After the immunoprecipitation with the first antibody, chromatin was eluted in 1x TE,
pH 8.0, with 10mM DTT, 500 mM NaCl and 0.1% SDS at 37°C for 30 minutes. The eluate
was then diluted 10 times of the volume with RIPA buffer. The diluted eluate was incubated
with the second antibody and the rest of the procedure was performed as the single round

of ChIP.

Quantitative PCR after ChIP (ChIP-gPCR) was performed on Roche LightCycler 480 II using
SYBR Green I master mix (Roche). The following primers were used for ChIP-qPCR and
sequential ChIP-qPCR.

pitx2 intron2:

F: 5-ATCTGCTCCCATCTCTCCAA-3"; R: 5'-CAAACAGGGCTCATTGAGGA-3'

gata2 0.7kb upstream:

F: 5'-GTCGCTCTGCTCAGCTCTTC-3"; R: 5'-CCGTTTCACAGATGTGGACT-3'

zic3 5kb upstream:
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F: 5'-ggaaatggaactggggaaag-3'; R: 5'-GGGTGATCTGAGCCAAATTC-3'
pitx2 negative (20kb down):

F: 5'-TGCACCTAGGTTTGGGTAGG-3"; R: 5'-GAGGGTGGAAAGGGGTTAAG-3'

ChIP-seq libraries were generated using Nextflex ChIP-seq kit (Bioo Scientific). The quality
of the libraries was measured using an Agilent Bioanalyzer 2100 and KAPA qPCR and the
libraries were sequenced using an Illumina platform at the UC Irvine Genomics High

Throughput Facility.

Sequence Alignment and Visualization
ChIP-seq read files were aligned to the X. tropicalis genome v9.0 (Xenbase,
http://ftp.xenbase.org/pub/Genomics/JGI/Xentr9.0/) using Bowtie v1.0.0 (Langmead et

al., 2009) with the following script.

Sbowtie --sam -p 32 -m 1 Xentro9 reads-1.fastqg mapped-1l.sam

Duplicate reads were removed using Samtools (Li et al., 2009).

$samtools view -Sb mapped-l.sam > mapped-1.bam
$samtools sort mapped-1l.bam -o mapped-1l.sorted.bam

$samtools rmdup -s mapped-1l.sorted.bam mapped-1.nodup.bam'

Bigwig (bw) files were generated for the visualization using HOMER (Heinz et al., 2010).
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$makeTagDirectory mapped-1 TagDirectory mapped-1l.nodup.bam Xentro9.fa
-single
$makeUCSCfile mapped-1 TagDirectory -bigWig Xentro9.size -o sample-

1.bw'

The bw file was loaded into Integrative Genomics Viewer (IGV) v2.5.0 (Robinson et al,,

2011).

Peak calling and Irreproducibility Discovery Rate (IDR) Analysis
Peaks were called using MACS2 v2.1.0 (Zhang et al., 2008) with the option -p 0.001 for

biological replicates to perform IDR analysis but otherwise, default options were used.

$macs2 callpeak -t sample-l.nodup.bed -c input DNA.nodup.bed -f BED -g

1.16e9 -p le-3 -n sample-1 peaks

To select high-confidence peaks between two biological replicates, IDR v2.0.1 was used to
identify high-confidence peaks between pseudoreplicates generated from pooled reads of

biological replicates with default options (Li et al., 2011).

$ cat sample-1l.nodup.bed sample-2.nodup.bed > pooled-sample.bed

$ cat pooled-sample.bed | shuf | split -d -1 nlines - pooled-sample.pr

The number for nlines can get from '(cat rep0.pooled.bed | wc -1) /2"

$ mv pooled-sample.pr00 pooled-sample.prl.bed
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$ mv pooled-sample.pr0l pooled-sample.pr2.bed

MACS2 was run to get the narrowPeak files from pseudoreplicates.

$ idr --samples pooled-sample.prl.narrowPeak pooled-
sample.pr2.narrowPeak --peak-list pooled-sample.narrowPeak --input-
file-type narrowPeak --rank signal.value --output-file idr pooled-

sample —plot

Heatmap
DeepTools v2.0.0 (Ramirez et al., 2014) was used to generate heatmaps around peak
summits or genes.

First, a bigwig file was generated from the BAM files using bamCoverage in deepTools.

$ bamCoverage --bam sample.nodup.bam --binSize 50 --normalizeUsingRPKM

--ignoreDuplicates -of bigwig -o sample-signal.bw

To generate heatmaps around peak summits, the ‘computeMatrix’ command with the

subcommand ‘reference-point’ was used to generate the matrix underlying the heatmaps.

$ computeMatrix reference-point -R peak-summits.bed -S sample-
signal.bw --binSize 50 -b 2000 -a 2000 --missingDataAsZero --

referencePoint center --outFileName output Matrix -p 4
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To generate heatmaps around genes, he ‘computeMatrix’ command with the subcommand

‘scale-regions’ was used.

$ computeMatrix scale-regions -R genes.bed -S sample-signal.bw --
binSize 50 -m 7500 -b 10000 -a 10000 --missingDataAsZero --outFileName

output matrix -p 4

Heatmap was generated from the matrix using the ‘plotHeatmap’ command. K-means

clustering option was used to cluster the heatmap.

$ plotHeatmap --matrixFile output Matrix --outFileName output.pdf --

colorMap Colors --heatmapHeight 10 --refPointLabel peaks --xAxisLabel

(BN}

-z Peakname --plotTitle title --kmeans # --outFileSortedRegions

output_ SortedRegions

Motif Analysis

MEME-ChIP from the MEME Suite 5.0.5 (http://meme-suite.org/tools/meme-chip) was
used for motif analysis (Bailey et al., 2009) with the default setting. The 500bp centered on
the summit of a peak was generated as the input FASTA sequence using the Bedtools

v2.19.1 (Quinlan and Hall, 2010).

$ bedtools slop -i summits.bed -g Xentro9.sizes -b 249 >
summits 500bp.bed
$ bedtools getfasta -fi Xentro9.fa -bed summits_ 100bp.bed -fo

summits 500bp.fa
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The accession of published ChIP-seq datasets

Published datasets used in this research can be downloaded from NCBI GEO
(https://www.ncbi.nlm.nih.gov/geo/) using the GEO accession numbers: GSE85273 for
stage 8,9, and 10.5 Foxh1 ChIP-seq data (Charney et al.,, 2017); GSE41161 for stage 9 Jarid
(van Heeringen et al., 2014); GSE67974 for stage 9 and 10.5 Ep300 (Hontelez et al., 2015);

and GSE56000 for stage 8,9, and 10.5 H3K27ac (Gupta et al., 2014).
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CHAPTER 4

Conclusions And Discussion
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My dissertation focused on the epigenetic functions of the maternal TF, Foxh1. Through the
investigation of chromatin states and co-regulators bindings to DNA using Foxh1-deficient
Xenopus embryos generated by CRISPR/Cas9 technology, I propose a critical role of Foxh1
in the recruitment of the PRC2 core subunit, Ezh2, for the spatiotemporal regulation of
gene expression. This in vivo functional study of a maternal TF highlights how maternal TFs
control chromatin state by interacting with chromatin modifiers during early
embryogenesis. In this chapter, I highlight key findings from my dissertation work, discuss
their broader implications for understanding epigenetic regulation in early embryogenesis,

and point to critical future experiments to further elucidate the functions of maternal TFs.

The epigenetic role of maternal Foxh1 early binding
Forkhead TF, Foxh1, is the well-known TF in the Nodal signaling pathway by recruiting
phosphorylated SmadZ2/3 on the target CRMs. We previously found that this maternal TF
bookmarks mesendodermal CRMs as early as the 32-cell stage, before zygotic gene
activation, and that this binding occurs before RNA pol Il recruitment and the enrichment
of epigenetic enhancer marks like Ep300 and H3K4me1 (Charney et al., 2017). Our findings
also suggested Foxh1's role as a pioneer factor, which can endow transcriptional
competence by recruiting other TFs and additional regulators to create active enhancer or
by binding to nucleosomal DNA and opening up local chromatin (Zaret and Carroll, 2011;
Iwafuchi-Doi and Zaret, 2014).

To investigate whether Foxh1 has a function as a pioneer factor, I initially monitored
chromatin accessibility using Foxh1-deficient Xenopus embryos. There are two major

approaches to detect chromatin accessibility: DNase-seq and ATAC-seq.
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Deoxyribonuclease I (DNase I) hypersensitive sites sequencing (DNase-seq) identifies
genome-wide open chromatin regions that are accessible to regulatory factors like
transcription factors and are relatively nucleosome-free genomic regions. DNase I can
digest nucleosome-depleted DNA, which is presumably bound by transcription factors, but
DNA in nucleosomes or higher-order chromatin fibers is less accessible to this nuclease
(Neph et al,, 2012). I was able to adapt DNase-seq on early gastrula Xenopus embryos
(Chapter 2), but this method was not optimal for earlier stages. The low number of cells in
earlier stage embryos (~500 cells per blastula embryo compared with approximately
10,000 cells per early gastrula embryo) hampered the adaption of this method for early
embryos. On the other hand, ATAC-seq requires fewer cells than DNase-seq (requiring a
minimum of 50,000 cells, which is equivalent to five early gastrula embryos, are required)
and was more practical than DNase-seq to do genomic work for embryos.
Transposase-Accessible Chromatin followed by sequencing (ATAC-seq) is also a
simpler protocol than DNase-seq for detection of open chromatin (Buenrostro et al., 2013).
While the ATAC-seq technique was adaptable to Xenopus gastrula and subsequent stage
embryos (stage 11; Bright and Veenstra, 2019), it has not been possible to identify open
chromatin regions of the earlier stage embryos (e.g., blastula embryos) due to high yolk
contamination during nuclei isolation. Recent modified ATAC-seq protocols (Corces et al.,
2017; Cusanovich et al., 2018) encouraged me to adopt this technique for early Xenopus
embryos. Currently, | have improved the resolution of chromatin accessibility using fixed
and gently sheared chromatin from Xenopus embryos (Buenrostro et al., 2013) (J.C,,
unpublished data). I expect this improved low-input ATAC-seq and single-cell ATAC-seq

methods (Corces et al.,, 2017; Mezger et al., 2018) will lead to exciting breakthroughs in our
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understanding of how maternal TFs coordinates chromatin accessibility during early

embryogenesis.

Candidates for Foxh1-associated epigenetic regulators

Our mESC Foxh1 MS data (Table 3.1) showed Foxh1 is associated with most of the PCR2
subunits -Suz12, Jarid2, Ezh2, and RBBP7. However, in the list, there are other proteins
known to participate in epigenetic regulation. These proteins include ACTB (actin beta),
POLR2A (RNA polymerase Il subunit A), POLR1C (RNA polymerase I and III subunit C),
HIST1H1A (histone cluster 1 H1 family member a) and more - which could interact with
Foxh1. GO analysis (Figure 3.1.C) of those Foxh1-associated proteins showed that most of
them are related to epigenetic regulation of gene expression. This suggests Foxh1 could
interact with other epigenetic regulators. Two interesting candidates of epigenetic
regulators associated with Foxh1 are histone cluster 1, H1 family members, HIST1H1A and
HIST1H1E. In Xenopus, maternally inherited H1 linker variant, H1M, persists in chromatin
until its somatic variants are synthesized at MBT (Dimitrov and Wolffe, 1996; Dworkin-
Rastl et al,, 1994) and maternal H1 generates less stable chromatin, which helps rapid early
cell divisions and to initiate transcription during MBT (Freedman and Heald, 2010). H1
incorporation on chromatin remodeling during nuclear reprogramming has been reported
in frogs and flies using Xenopus egg extracts and Drosophila preblastodermic embryo
extracts, respectively (Jullien et al., 2010; Satovic et al., 2018). Next, linker histone H1b has
been reported to interact with a homeobox protein transcription factor, Msx1, to repress a
myogenic master regulator, MyoD, that is activated upon mesoderm induction (Lee et al.,

2004). This suggests a potential role of linker histone H1 in mesoderm specification.
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Furthermore, another forkhead TF, Foxa, functions as a pioneer factor by displacing linker
histones to keep nucleosomes accessible to retain tissue-specific enhancers in mammalian
chromatin (Iwafuchi-Doi et al., 2016). Since forkhead proteins and linker histones H1 and
H5 possess winged-helix DNA-binding domains (Cirillo et al., 1998) and a subset of Foxh1
bindings occur prior to zygotic Foxal binding in Xenopus (Charney et al., 2017), it will be
interesting to monitor whether H1 occupation depends on Foxh1 and whether Foxh1-
bookmarked mesendodermal enhancer endows accessibility on the subset of linker histone
H1 which have Foxh1 binding sites.

PRC2 has been reported to methylate H1, dependent upon the contents of the PCR
complex (Kuzmichev et al., 2004). Depending on the isoforms of the Eed, Ezh2-containing
complexes, PRC2 directs its histone lysine methyltransferase activity toward histone H3
lysine 27 (H3K27) or histone H1b lysine26 (H1K26). PRC2 can dock onto H1K26me3
substrates. However, docking to HIK26me3 decreases the enzymatic activity of PRC2 (Xu
et al.,, 2010). This suggests that the PRC2 complex on maternal H1K26me3 holds the
enzymatic activity of PRC2 until ZGA because the emergence of newly synthesized H1 after
ZGA reduces PRC2 binding on maternal HIK26me3 and at the same time, it increases the
repressive enzymatic activity of PRC2 to methylate H3K27me3. Since I found that Ezh2
recruitment and PRC2 activity depend on Foxh1 binding and the onset of H3K27me3 mark,
it would be interesting to investigate whether Foxh1-mediated PRC2 activity before and

after ZGA is due to linker histone H1 and H1K26me3 activity.

Foxh1-dependent Ezh2 recruitment and H3K27me3 activity
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Among all the Foxh1 interactors from mESC FOXH1 mass spec data, I noted that the major
components of PRC2 are all consistently detected - SUZ12, EZH2, EED, and JARID2 (Table
3.2). PRC2 is a well-studied histone modifier during embryonic development with its
classical role to repress target genes by depositing H3K27me3, but it has been unclear how
PRC2 is recruited to mark H3K27me3 (reviewed in Margueron and Reinberg, 2011). First
was able to confirm the direct interaction of Ezh2 and Foxh1 in the Xenopus early blastula
embryos. Second, by monitoring the loss or decrease of Ezh2 binding on Foxh1-deficient
Xenopus embryos, | was able to observe the requirement of maternal TF bookmarking for
the PRC2 recruitment during early embryogenesis. Third, I showed that both dynamic and
persistent Ezh2 binding is associated with the transcriptional activity of target genes
(Figure 3.3). Next, Foxh1-Ezh2 binding peaks overlap with those of maternal TF Sox3.
Importantly, Ezh2 motif analysis showed high enrichment of the Sox3 motif, especially
among de novo Ezh2 peaks (cluster III in Figure 3.4B). Finally, I also observed that
H3K27me3 modification is significantly compromised in the absence of Foxh1 in some
regions (Figure 3.6C), but overall the change is not statistically significant at the whole
genome level (Figure 3.6 D). I also noted that H3K27me3 marks are enriched in
endodermal genes compared with ectodermal genes, which has been previously reported
(Akkers et al., 2009; van Heeringen et al., 2014).

Taken together, I propose the following mechanism (Figure 3.8). First, the maternal
TF Foxh1 marks its CRMs as early as the 32-cell stage, and then Ezh2 is recruited on Foxh1-
binding sites at the early blastula stage (stage 7, about 250 cells per embryo). Ezh2 binds to
Foxh1-bookmarked sites and this appears to occur in all embryonic cells before ZGA. This

view is consistent with the findings that foxh1 mRNA is ubiquitously expressed in the
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blastula embryos and that ezhZ is detected in both animal and vegetal region of 8-cell
embryos. At the blastula stage when Nodal signaling is activated in endodermal, Smad2/3,
are recruited to Foxh1-bound CRMs, which results in the eviction of Ezh2 from the
complex. On the other hand, in ectodermal cells where Nodal signaling is absent, the Ezh2-
Foxh1 complex is maintained on the endodermal genes and this results in the recruitment
of the PRC2 complex. Consequently, the endodermal genes in ectodermal cells will acquire
repressive marks and ensure a proper lineage commitment.

The maintenance of PRC2 at target sites is required for PRC2 activity to deposit and
spread H3K27me3 marks. It has been suggested PRC2 facultative subunits could have this
role instead of the core subunits of PRC2 (Laugesen et al.,, 2016). Depending on the
components of the facultative subunits, PRC2 is specified into PRC2.1 and PRC2.2. PRC2.1
contains the PCL proteins (PHF1, MTF2, or PHF19) and EPOP or PALI1, and PRC2.2
involves AEBP2 and JARID2 as the facultative subunits (Alekseyenko et al., 2014; Hauri et
al,, 2016; Grijzenhout et al., 2016). Our Foxh1 mESCs MS data did not list any PRC2.1
facultative subunits but showed one of the PRC2.2 facultative subunits, Jarid2.
Furthermore, [ showed that Jarid2 binding also overlaps with Foxh1 and Ezh2 binding in
stage 9 Xenopus embryos (Figure3.3D). Further examination of Jarid2 binding at later
stages would help to understand the role of early recruitment of PCR2, which is mediated
by Foxh1 before H3K27me3 activity, and which PRC2 complex is involved in lineage
specification during early embryogenesis. Also, it will be interesting to assess whether
maternal and zygotic TFs have a distinct role in the recruitment and activity of PRC2

considering Ezh2 and Jarid2 binding occurs prior to H3K27me3 marking.
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Combinatorial functions of maternal TFs during early embryogenesis

Motif enrichment analysis of Ezh2 binding regions (Figure 3.4A) showed Fox, Sox, motif
enrichment. Jarid2 peaks are also enriched with Fox, Sox, and Pou motifs (van Heeringen et
al,, 2014). The coincidence of the similar motif enrichment from those two subunits of
PRC2 - Ezh2 and Jarid2 - suggests that combinatorial interaction of TFs and the epigenetic
landscape would be required for PRC2 recruitment. My Sox3 ChIP-seq analysis also showed
a strong correlation between Sox3 and Ezh2-Foxh1 binding regions (Figure 3.4B). It will be
interesting to investigate whether the co-occupancy of multiple TFs is necessary for the
establishment of enhanceosomes. Co-localization of PcG components with pluripotency
factors Oct4, Sox2, and Nanog was reported in ESCs (Bernstein et al., 2006; Boyer et al.,
2006; Lee et al., 2006). Moreover, those Oct4, Sox2, and Nanog co-bound regions form
super-enhancers (SE), which are distinguished from typical enhancers by size,
transcription factor binding density and content, to control the pluripotent state (Whyte et
al,, 2013). In Xenopus, maternal TFs -Otx1, Vegt, and Foxh1 - mediated SEs are reported to
control endodermal cell fate specification during ZGA (Paraiso et al., 2019). The
combinatorial binding of maternal Otx1, Vegt, and Foxh1 forms Xenopus endodermal SEs
that have stronger signals of enhancer marks - H3K4me1, Ep300, and H3K27ac - than
regular enhancers (Paraiso et al., 2019). They also showed strong signals of polycomb
markers - H3K27me3, Jarid2, and Ezh2 - on those Xenopus endodermal SEs. Therefore, it
will be interesting to see whether multiple Foxh1/Sox/Pou TFs forming enhanceosomes to
promote the PRC2 complex formation and subsequent H3K27me3 occurs to regulate

epigenetic modification during early embryogenesis.
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Single TF, Foxh1, depletion did not affect either Ep300 binding (Figure 3.6B) or the
zygotic TF, Foxal, binding in early gastrula embryos (J.C., unpublished data). There are
several possible reasons for these results. First, Foxal binding is independent of Foxh1
even though their binding sites overlap in Xenopus embryos and they share similar binding
motifs (Charney et al., 2017). Since Foxa is the well-known pioneer factor for hepatic
specification, which is differentiated from the endodermal cells and critical for endoderm
development across diverse organisms (Zaret and Carroll, 2011; Friedman and Kaestner,
2006; Ben-Tabou de-Leon, 2011), Foxa might also have its own function as a pioneer factor
during germ layer specification and it could be independent of Foxh1. Second,
combinatorial TF binding or the formation of super-enhancers may be required for the
establishment of lineage-specific CRMs and the recruitment of zygotic TFs. Foxh1 binding
sites are enriched with other motifs like Sox and Pou (Charney et al., 2017) and Foxh1
forms super-enhancers with another maternal TFs, Vegt and Otx1 (Paraiso et al., 2019).
Additionally, I show that Ezh2 and Sox3 binding overlaps, and Sox3 motifs are enriched on
Ezh2 peaks (Figure 3.4A-D). On the other hand, motif analysis of Ep300 peaks has a high
Sox motif enrichment score (J.C., unpublished data). If multiple TFs are required compared
to a single TF to recruit zygotic TF or to form active CRMs, then a single TF knockdown is
not sufficient to observe its role in the combinatorial regulation of gene expression and

chromatin state. Multiple TF knockdowns will help to answer this question.

Roles of maternal TFs for the spatial regulation of the epigenetic landscape
In Chapter 3, I showed the regionally defined H3K27me3 activity, specifically in the

ectodermal tissue of the early Xenopus gastrula embryos. The ectodermal-localized PRC2
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activity on endodermal genes suggests that histone modification is spatially regulated to
prevent aberrant lineage commitment during germ layer specification. In addition, I
showed that the binding of Ezh2, the core catalytic subunit of PRC2, to deposit H3K27me3,
depends on Foxh1 binding. However, H3K27me3 marking was less observed in
endodermal genes. One possible explanation of this phenomenon is that PRC2 activity
could be different in each germ layer of gastrula embryos. To investigate this possibility,
first the protein expression of the PRC2 subunits - Ezh2, Eed, Suz12, and Jarid2 - needs to
be examined in each germ layer, even their respective mRNAs are ubiquitously expressed
in early gastrula embryos (Blitz et al., 2016). Another possible explanation is that multiple
TF bindings stabilize Ezh2 and PRC2 binding on the target sites. The increase in overlaps
between Sox3 and Ezh2 bindings at stage 10.5 and increased enrichment of Sox motifs
under stage 10.5 Ezh2 peaks (Figure 3.4A-D) supports this idea. To test this hypothesis,
Ezh2 and H3K27me3 activity could be examined in each germ layer when Sox3 is knocked-
down by MO injection, and then the use of double knockouts of Foxh1 and Sox3 embryos by
Sox3 MO injection in Foxh1-deficient embryos will help to answer this question.

In conclusion, my dissertation work has revealed the epigenetic role of maternal
Foxh1 by regulating the recruitment of chromatin modifier Ezh2 and H3K27me3 activity
and proposes Foxh1-dependent Ezh2 and PRC2 complex recruitment introduce the
regionally differential H3K27me3 activity during Xenopus germ layer specification. This
work and the proposed future work discussed in this chapter will lead to exciting
breakthroughs in our understanding of how maternal TFs regulate the epigenome during

early embryogenesis.
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