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ABSTRACT OF THE DISSERTATION

Combinatorial regulation by maternal transcription factors during activation of the
endoderm gene regulatory network
By
Kitt D. Paraiso
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2018

Professor Ken W.Y. Cho

Zygotic gene activation (ZGA) is the process in the earliest stages of animal development
when maternal transcription factors activate the expression of the first zygotic genes. In
most metazoans, this process is coupled with specification of the three germ layers. In
Xenopus, these two processes are initiated by the function of maternal transcription factors
(TFs), which are localized in the egg and asymmetrically distributed to different cells of the
embryo during cleavage stages. In this thesis, [ uncover the combinatorial function of

vegetally-localized TFs that are involved in the activation of the endodermal fate.

By gain- and loss-of-function approaches, I elucidate a novel function of the TF Otx1 in
specification of the endoderm. Together with the well-known endodermal TF Vegt, Otx1
activates endodermal genes, while inhibiting mesodermal genes in the presumptive
endoderm. By chromatin immunoprecipitation followed by qPCR or sequencing, I show
that Vegt and Otx1 co-bind in the chromatin with the ubiquitously expressed Foxh1 prior to

ZGA. These maternal TFs initiate the emergence of cis-regulatory regions by docking to

Xiv



clusters of consensus DNA binding motifs. The binding of their assembly pre-marks regions
of active cis-regulation, which are subsequently decorated with epigenetic enhancer marks

and then bound by zygotically-active endodermal TFs.

In addition to co-regulation between maternal TFs, by curating evidence to generate the
Xenopus endoderm gene regulatory network (GRN), I find evidence that maternal TFs co-
regulate downstream target genes with zygotic TFs. Analysis of the Xenopus endodermal
GRN suggests that feed-forward loops, where a maternal TF activates a primary zygotic
gene encoding a TF, and combinatorially these TFs activate a secondary zygotic gene. From
ChIP-seq analysis, the chromatin binding of Vegt and the zygotically active Smad2/3
support this finding. While the functional role of this network motif is unknown,
computational modeling suggests that this motif could regulate the multiple waves of

zygotic transcription during ZGA.

My findings synthesize the roles of maternal TFs in relation to each other, as well as to the
roles of zygotic TFs, using cis-regulatory and gene regulatory network perspectives. The
use of multiple approaches provides a broader picture of transcriptional regulation and cell

specification during this critical process of ZGA.
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Chapter 1

Maternal transcription factors during early endoderm

formation in Xenopus



Transcription factors co-regulate target genes in a cell type-specific manner

Metazoan development from a pluripotent single cell to a functional organism composed of
multiple interconnected organ systems involves a trajectory of incremental changes where
each successive step depends on the steps prior. A battery of physical, chemical and genetic
factors are required for proper completion of each step, among which are genes encoding
transcription factors (TFs), which are a class of DNA-binding proteins that regulate the
activation or repression of downstream genes. Gain- and loss-of-function approaches in
various organisms and cell culture highlight the importance of TFs in development. In
addition, TFs have also been shown to play a significant role in various disease
pathogenesis. Specifically, mutations in functional regions of a TF can result in diseases. As
TFs bind to the DNA to perform their function, mutations in TF binding sites have been
implicated in controlling various diseases as welll. One such example is the case with the
gain of a YY1 consensus binding site in the IL-10 regulatory region which results in down-
regulation of IL-10 expression, and this regulatory interaction is linked to asthma
disorders?. This is supported by genomic analysis, as genome-wide association studies
(GWAS) have shown that majority of single nucleotide polymorphisms (SNPs) associated
with various diseases reside not in the coding region of the DNA, but rather in intronic and
intergenic regions3. The majority of these SNPs in non-coding regions were found to be
DNAse I hypersensitive and contain a TF binding motif suggesting the role of gene
regulation by TFs in these diseases. Therefore, the study of developmental and disease

systems is intrinsically linked to the activity of TFs.



TFs do not work in isolation, as cell differentiation does not rely on the activity of a single
TF. This is especially highlighted by the presence of the same signaling pathways whose
downstream TFs are used within drastically different developmental contexts. For
example, one branch of the TGFf signaling pathway, Nodal signaling, is involved in
maintenance of pluripotency in embryonic stem cells, regulates the activation of the
endoderm from the early pluripotent state, signals from the endoderm to the overlying
tissue to induce the mesoderm, and establish the left-right axis during organogenesis*>.
Similarly, recent analysis in single-cell transcriptomic datasets show that TFs are used
multiple times in lineages of different tissues within the first 3 days of Xenopus
development®. As individual TFs are used in multiple developmental contexts, this suggests
that a single TF cannot specify a lineage and that the combinatorial action of TFs is

essential for cell lineage specification.

Even further, not only is the combinatorial action of TFs critical, but coordinated action by
TFs as they perform their function is also essential’. A survey of chromatin binding of TFs
suggests that TF binding site overlap in the same regions of the genome in human cell
culture, Drosophila and C. elegans®10. In many cases, the overlap of TF binding is unclear as
many TFs assayed are expressed in different cells or developmental time points. However,
a finer analysis of binding sites in these systems along with binding sites in early Xenopus
and zebrafish embryo formation where the TFs are co-expressed showed that these TFs co-
bind in regulatory regions!!-14. This is especially highlighted in the regulation of

the Xenopus genes gsc and hhex!>16, In both cases, chromatin binding assays combined with

gene reporter assays have shown the importance of coordinated action of TFs to specify

3



correct spatial expression of these genes. Overall, these findings suggest that the activity of
TFs is cell type-specific, and this specificity is defined by the actions of the set of other

transcription factors present in this cellular context.

Otx1 is expressed in a variety of cell lineages

One such TF that regulates developmental fates is the Xenopus otx1. The Xenopus otx1
belongs to a subfamily of the paired-class homeobox TFs composed of the

vertebrate otx1, otx2 and crx (also known as otx5) and invertebrate otx/otd, whose
homologs can be traced as far as ctenophores!’. These genes have been implicated in
anterior structure formation during embryogenesis across bilaterians. The founding
member of this bilaterian homeobox sub-type is the Drosophila otd, which was identified as
an important regulator of anterior structures!®. Findings in vertebrates followed suit as the
first cloned vertebrate OTX genes are expressed in overlapping patterns in the rostral brain
of the mouse embryo, and loss-of-function mutations in OtxI and Otx2 result in loss of
telencephalic and diencephalic structures, as well as reduction in eye and inner ear
structures!?-24. The zebrafish and Xenopus Otx genes are expressed anteriorly in a similar
fashion25-27. Functional assays through overexpression of Xenopus otx1 or otx2 results in
preferential increase in anterior over posterior tissues?6.28. In zebrafish, loss-of-function
experiments using morpholino antisense oligonucleotides against otx1 disrupts inner ear
morphogenesis, in addition to defects caused in the embryonic brain??3°. Findings in

Drosophila, mouse, Xenopus and zebrafish along with a variety of other organisms have



cemented the role of otx genes in anterior structures, particularly, the anterior

neuroectoderm.

While the studies of the function of otx genes have shown preferential focus on formation
of anterior neuroectoderm structures, otx genes appear to have pleiotropic roles in
development. In Xenopus, previously published single cell RNA-seq shows that otx1 appears
in multiple germ layer lineages, besides its anterior neuroectodermal expression®. otx1 is
expressed in the organizer in gastrula stages, possibly performing a similar role to otx2
during neural induction?®. In addition, otx1 expression appears in other mesodermal
derivatives during tailbud stages, which include the notochord, lateral plate mesoderm and
definitive hemangioblast, where the otx1 role is unknown. As in the mesoderm, the
function of otx1 in the endoderm in unknown. While the Xenopus otx1 has been identified
as an endodermally-localized maternal TF, the role of otx1 in the early endoderm and how

it functions within an endodermal context is unknowns31.

Maternal otx1 in endoderm development

The differentiation into germ layers is one of the earliest somatic differentiation events in
metazoans. Among amniotes such as chick and mice, this decision process occurs after
establishment of epiblast cells or pluripotent cells; while in externally developing embryos
such as Xenopus and zebrafish, differentiation into one of the germ layers is the first

somatic cell fate decision. In Xenopus, maternally expressed genes in the form of RNA and



protein are packaged and organized in the developing oocyte. This package includes
cellular components critical for normal cell function, yolk that provides energy for the early
developing embryo and maternally supplied antibodies in the case of a pathogen attack3233.
Most importantly, from a cell fate specification standpoint, eggs are packaged with RNAs
encoding TFs and signaling molecules. These maternally expressed TFs and signaling

molecules control the early decision processes of germ layer formation.

The localization of RNAs in the developing oocyte is regulated along the animal-vegetal
axis. RNA binding proteins bind to specific RNAs and act with the cellular transport system,
which involves kinesin motors and microtubules, and this process results in localization of
these RNAs32. This process results in a pool of RNAs that are either ubiquitously expressed,
animally-localized or vegetally-localized in the egg. After fertilization, during early cleavage
stages, daughter cells from cell division asymmetrically inherit these animally- or vegetally-
localized RNAs, which act as cytoplasmic determinants of cell fate. RNAs localized animally
or vegetally specify the ectodermal or endodermal cell fates, respectively. In the vegetal
blastomeres, the combination of ubiquitously expressed and vegetally-localized factors

define the endodermal context in which maternally-expressed otx1 operates.

Among the vegetally-localized RNAs that encodes a TF is vegt34-37. This T-box TF sits at the
top of the mesendodermal gene regulatory hierarchy!53839, Gain- and loss-of-function
experiments validated the role of Vegt in activating the expression of a battery of

mesendodermal zygotic TFs including mixer, mix1 , gata4/5/6 and sox17, as well as the



endoderm marker aZm/endodermin*%-42. Additionally, vegt activates the expression of
nodal signaling ligands including nodall, nodal5 and nodal6, whose functions are critical in
the formation of the endoderm and the induction of the mesoderm#3-4>. Through a
combination of chromatin binding, reporter gene analysis and protein synthesis inhibition
experiments, vegt has been shown to directly regulate the expression of a subset these
genes*6-48, Due to its importance in zygotic mesendodermal gene expression, large scale
approaches have been employed to identify vegt targets through microarray analysis*°.
These findings, in combination with similar findings in other vertebrates, suggest that T-

box TFs play a prominent role in specification of the endoderm1350-52,

Besides vegt, other vegetally-localized factors specify the endodermal lineage

including sox7, wnt11 and gdf1. While previously thought of as a zygotically expressed
factor acting as a downstream target of maternal vegt, recent RNA-seq and in situ
hybridization experiments confirmed the maternal expression and vegetal localization of
the F-type Sox TF sox753-55. Regardless, the function of sox7 was characterized in the
endoderm, and sox7 activates the expression of a similar set of genes

as vegt including aZm, mixer, nodal5 and nodal6, although the function of sox7 is not as
well characterized>¢. Wnt11 encodes a Wnt signaling ligand and is one of the earliest
identified vegetally-localized RNAs in the Xenopus egg®’. Signaling by Wnt11 (through the
signal transducer Ctnnb1/pB-catenin) is required for activation of Spemann organizer genes
such as gsc and sial in the dorsal mesendodermal region of the embryo©8. GdfI encodes a
TGFp ligand that activates the Activin/Nodal signaling pathway and is another vegetally-

localized factor>°. Maternally expressed gdf1 is required for active Nodal signaling through



phosphorylation of Smad2/3, which results in the expression of dorsal mesendodermal
genes such as cerl and chrd®®. Vegt, Sox7, Ctnnb1/p-catenin (via vegetal wnt11)

and Smad2/3 (via vegetal gdf1) are the set of critical vegetally-active TFs.

In addition to these factors, ubiquitously expressed factors appear to be important for
mesendodermal gene regulation. Such is the case with foxh1. foxh1 encodes a forkhead TF
and has been shown to co-regulate with vegetally-active TF. Foxh1 was initially identified
as a co-factor in the Nodal signaling pathway during the regulation of mesendodermal
genes in development through direct interaction with Smad2 /36162, However, recent
functional evidence suggests that foxh1 possesses Nodal-independent function during germ
layer formation!#63. Our own findings suggest that Foxh1 together with the vegetally-
localized Sox7 co-regulate target genes, as Foxh1 ChIP-seq binding sites are enriched for
Sox motifs and these regions are identified to be co-bound by Sox7 by ChIP-qPCR12. In
addition, findings in zebrafish suggest that in addition to co-regulation with Nodal
signaling, Foxh1 co-regulates target genes together with the endodermal T-box TF Eomes,
which functions similarly as Xenopus Vegt. Zebrafish Foxh1 and Eomes combinatorially
regulate the expression of zygotic mesendodermal factors bon, gsc and sox326465. Although
the interaction between Xenopus Foxh1 and Vegt has not been previously established,
Foxh1 and Vegt regulate a similar set of target genes including mesendodermal

genes gsc, cer] and gdf3, suggesting a similar interaction, as seen in zebrafish®®. These
findings suggest that the interplay between the ubiquitously expressed Foxh1 and

vegetally-active TFs Smad2/3, Sox7 and Vegt is important during endoderm formation.



Through a screen of vegetally-localized factors, [ have identified a handful of maternally-
expressed putative endodermal regulators, one of which is otx1 (Fig 2.1). As mentioned
earlier, while otx1 is expressed is a variety of cell lineages, its role in the endoderm is
unknown. Chapter 2 addresses the novel role of the maternal and vegetally-expressed otx1
pursuing the hypothesis that Otx1 is an important regulator of endoderm formation and
collaborates with known endodermal transcription factors Foxh1 and Vegt. The chapter
addresses how Otx1 functions within the endodermal context as it relates to binding to the
chromatin along with the other maternal TFs, and functionally, as to how the co-regulation

of target genes by maternal TFs results in the endoderm-specific transcriptome.

Establishment of enhancer activity by maternal TFs

The activity of cis-regulatory regions can be affected by chromatin states such as the
chromatin density (euchromatin or heterochromatin) or epigenetic modifications (histone
marks and DNA methylation) in addition to TF activity. While the role of TFs in gene
regulation has been known for a long time, recent genomic advances have enabled the
critical assessment of open chromatin and epigenetic modifications, and their role in gene
regulation. Techniques such as DNAse-seq, FAIRE-seq, ATAC-seq and histone H3 ChIP-seq
have enabled the genome-wide identification of open chromatin regions; while ChIP-seq on
numerous histone marks, MethylC-seq and bisulfite sequencing has enabled the genome-

wide study of DNA and histone modifications.



Analyses of these datasets show a striking correlation of the localization in the genome of
open chromatin, histone modifications (particularly, enhancer marks), and TF binding®’.
These findings suggest an interplay between these three variables during establishment of
cis-regulatory regions. However, what is unclear is which of these variables initiate the
activity of cis-regulatory regions. Unlike nucleosomes or histone modifiers, TFs contain
DNA binding domains that can provide the DNA sequence specificity in localization of cis-
regulatory regions. Thus, these DNA binding domains provide a convenient hypothesis for
establishment of active cis-regulatory regions. Multiple models exist as to how TFs
associate with the genome?’. First, TFs could bind to the DNA through collaborative binding.
In this model, TFs could dislodge the nucleosomes to establish enhancer regions.
Alternatively the action of a single TF, so called pioneer factors, can provide the impetus in
establishment of cis-regulatory regions. In this model, the actions of these pioneer factors
result in chromatin opening, establishment of enhancer marks, and subsequent binding of

other TFs.

During zygotic gene activation, when maternal TFs regulate the embryonic genome,
support for both models exists. In the case of Drosophila, the dominant model is through
the activities of the pioneer factor Zelda. Evidence from DNAse I hypersensitivity and
MNAse digestion assays indicate that this non-lineage specific TFs outcompetes
nucleosomes for access to DNA resulting in increase in chromatin accessibility®86°. This
function enables binding of lineage-specific factors involved in anterior-posterior and
dorsal-ventral patterning®8-71. In mammals, the pioneering role has been relegated to the
mammalian-specific maternally-expressed TFs, DUX (mouse) and DUX4 (human). DUX TFs
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are critical regulators of genes and retrotransposon expression during zygotic gene
activation’2-74, Although in vivo experiments are lacking, evidence from 2-cell stage-like
induction from mouse and human embryonic stem cells suggests that DUX TFs are
important for establishment of open chromatin in the 2-cell stage embryos’4. In zebrafish,
rather than through the function of pioneer factors, it appears that coordinated binding is
the preferred mechanism. The genes orthologous to the mammalian pluripotency factors
NANOG, OCT4 and SOX2 have been implicated in the control of the early zygotic genome?’>.
The factors Pou5f1 (OCT4 homolog) and Soxb1 (SOX2 homolog) pre-mark regions of the
genome that are later bound by RNA polymerase Il and decorated with the promoter mark
H3K4me37. Like Zelda, Pou5f1 has been shown to outcompete nucleosomes for access to
the DNA7’7. While binding mechanisms have not been fully elucidated, the preference
between coordinated binding or pioneer factor binding could depend on the strength of
association of each TF to its consensus binding motif. Strong association could enable
independent binding as in the case of pioneer factors, while weaker associations would

require coordinated binding by multiple TFs.

In Xenopus, the first signs of cis-regulatory region activity appear to be reliant on TFs as
well, rather than epigenetic marking. Previously, we showed that the maternally expressed
Foxh1 could bind to the chromatin as early as the 32-cell stage!?. This binding occurs 2-3
cell cycles prior to the establishment of enhancer marks such as H3K4me1 and Ep300, as
well as association of RNA polymerase Il in nearby promoters of genes. While Foxh1 could
act as a pioneer factor, the chromatin binding of other maternal TFs has not been

established prior to zygotic gene activation. Possibly, other maternal TFs such as Vegt and
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Otx1 can co-bind with Foxh1 through collaborative mechanisms. Chapter 2 addresses the
question of how lineage-specific enhancers emerge during zygotic gene activation,
particularly in the endoderm. Using analysis of ChIP-seq datasets for maternal TFs and
histone modification, the chapter addresses the role of coordinated binding by maternal
factors in pre-marking these genomic regions as cis-regulatory regions. In

addition, Chapter 3 addresses the question of how maternal TFs discriminate regions of the

chromatin to be pre-marked as enhancers.

Uncovering the endodermal gene regulatory network

Combinatorially, TFs operate together in cis-regulatory regions to modulate the expression
of their target genes. An alternative perspective to view combinatorial activity of TFs is at
the level of networks. TFs form an interconnected network of gene regulation whose design
has crucial implications in the differentiation process that cells must undergo to follow
their correct lineages. These gene regulatory networks (GRNs) are helpful in visualizing
and understanding the function of TFs as they relate to the network itself. Two examples
can help demonstrate the utility of GRNs: boundary sharpening between the dorsal and
ventral regions of the Xenopus mesoderm by by gsc and and tbxt, and maintenance of

pluripotency in mammals by SOX2 and OCT4.

The first example illustrates a small GRN that enables formation of distinct lineages of the

dorsal and ventral regions of the Xenopus mesoderm. The TFs thxt and gsc are
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mesodermally expressed genes, where thxt expression is broad and gsc expression is
dorsally-localized”87°. These genes form an indirect negative feedback loop whereby Gsc
directly represses tbxt expression, while Tbxt can induce a TF (possibly, ventx2) that
represses gsc expression80-82, This small cross inhibitory network results in sharpening of
the boundary differentiating the ventral (tbxt) and dorsal organizer (gsc) mesodermal

regions, which then generates distinct mesodermal derivatives®2.

The second example illustrates a small GRN in embryonic stem cells that enables
maintenance of pluripotency in mammals. This process involves the intricate balance
generated by the TFs SOX2 and OCT4 to inhibit germ layer differentiation. SOX2 and OCT4
form a positive feedback loop to maintain each other’s expression®3. Meanwhile, SOX2 is
capable of inducing ectodermal genes, however, this is inhibited by OCT48485, Similarly,
OCT4 can activate the expression of mesendodermal genes, but this is inhibited by SOX2.
The combination of the positive feedback regulation between OCT4 and SOX2 coupled with
their ability to either activate or inhibit specific germ layer lineages enable maintenance of
the pluripotent state of these stem cells. Interestingly, destabilization of this balance
provides a mechanism to exit from pluripotency and to specify either the mesendodermal

or the ectodermal cell fates.

While these smaller GRNs are useful, well studied developmental networks, particularly in
the early development of Xenopus, sea urchin, and Drosophila, show that dozens of key TFs

are involved during cell differentiation>388687 [n Xenopus, previous efforts have
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uncovered dozens of players during the first stages of development from fertilization
through the early stages of gastrulation. However, recent genomic experiments generated
much larger datasets, which are useful in generating these networks. RNA-seq datasets
helped identify genome-wide regulatory targets of each TF while ChIP-seq provided
evidence for directness of regulatory interactions. These datasets can provide the full
expanse of regulatory targets of key factors such as the dorsal specifying genes Ctnnb1/f3-
catenin and Gsc, as wells as mesendodermal regulators Foxh1 and Smad2/363:88-90, Through
literature search and analysis of these genomic datasets, we have updated the Xenopus
mesendoderm GRN. While we focused on a similar set of genes, we have dramatically
expanded the network connectivity. In addition, I discuss systems biological approaches to
shed light on the functionality of the network through network motif analysis. Chapter 4
reports on the establishment of the most up-to-date Xenopus mesendoderm GRN. It focuses

on understanding early Xenopus development from a systems biological point of view.

Zygotic genome activation and temporal control of gene expression

Zygotic genome activation (ZGA) is a critical developmental process in which maternal
genetic control of development is transferred to zygotic genes. The exact timing of this
embryonic milestone differs across species. Amniotes such as humans and mice undergo
ZGA at or after 24 hours post-fertilization (hpf), within the first few cell cycles. In contrast,
externally developing organisms operate on much faster developmental time scales,

possibly due to greater environmental pressure. Xenopus tropicalis, zebrafish and
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Drosophila ZGA occur 4.5 hpf, 4.3 hpf and 2.5 hpf, respectively. How these time-scales are
regulated in a species-specific manner is unclear, although various models exist to explain

ZGA timing in fast developing embryos.

Multiple models exist to explain the timing of the onset of ZGA, and many molecules have
been implicated in this control. Among these molecules are (a) TFs, (b) nucleosomal
histones and (c) cell-cycle regulators. In the case of TFs, while RNA is maternally deposited,
protein products of these genes might not be present in abundance as to activate the
expression of zygotic genes. In Xenopus, this is supported by RNA-seq experiments showing
maternal RNA is generally not poly-adenylated>491. In addition, the protein expression of
TFs such as Vegt and Foxh1, and the TATA-box binding protein Tbp are relatively low
compared to protein levels around the time of ZGA12.92.93, In the case of nucleosomal
histones, the models suggest that nucleosomal histones act as repressors of transcription.
Nucleosomal histones compete with TF binding to DNA, which effectively prevents
activation of the TF target genes. In Xenopus and zebrafish, titration experiments through
increase or decrease in amount of nucleosomal histones H3 and H4 show that the amount
of histones negatively correlates with the onset of ZGA77%4, Lastly, in models implicating
cell cycle regulators, replication factors act as limiting factors, which result in the timing of
cell cycles during cleavage stages®>. Although it is not clear if these experiments affected
ZGA, the change in timing of ZGA likely occurred earlier as well. Overall, a variety of cellular
components are involved the timing of the onset of ZGA4, including nucleosomal histones,

TFs and cell cycle regulators.
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Recent observations in gene expression during early development show that ZGA occurs in
multiple waves?097. Particularly, prior to the timing of the onset of ZGA, some genes are
transcribed representing an early wave of zygotic transcription. In Xenopus, early waves of
zygotic transcription have been identified in critical endodermal genes such as nodal5

and nodal6 prior to the whole genome activation®8. These findings have been supported by
more recent transcriptomic datasets showing multiple genes are transcribed prior to whole
genome activation>491, While multiple models exist to explain the control of the onset

of ZGA, these models are incomplete in that they cannot explain the multiple waves of gene
activation. This suggests that there must be additional levels of control to specify the

different waves.

Our systems biological analysis seems to suggest a hypothesis. During our analysis of

the Xenopus mesendodermal GRN, we observed that the early germ layer network shows
an abundance of regulatory motifs®®. Specifically, we find that feedforward loops which
involve triple activation (gene A activates gene B; and genes A and B regulate gene C) are
particularly abundant compared to other motifs such as positive feedback and auto-
regulation. In our network, the feedforward loops consist of a maternal TF, which activates
a gene encoding primary zygotic TF. Together the maternal TF and the primary zygotic TF
co-activate a secondary zygotic gene. Possibly, if both maternal and primary zygotic TFs
were required for activation of the secondary zygotic gene, then this would explain the
delayed timing of secondary zygotic gene expression. Genomic datasets corroborate these
systems biological findings. The maternal factor Foxh1 binds to the chromatin during the
early and late waves of zygotic transcription!2. In addition, during the later waves of
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zygotic transcription, Foxh1 co-binds with SmadZ2/3 and these transcription factors co-
regulate dorsal mesendodermal genes. This suggests that feedforward loops could provide

a second tier control of ZGA onset to generate multiple waves of transcription.

Together, the spatial and temporal controls of gene expression are critical in cell fate
specification and differentiation. However, the study of gene regulation has placed a
particular attention to the spatial aspect of expression. For example, in the gastrula stage
embryo, many genes have been identified as endodermal (sox17°°, mix190, mixer'01), ventral
(ventx1192, ventx2103) organizer (gsc’8), and ectodermal (foxi11%4) markers. In addition, the
control of their expression localization has been elucidated as described by GRNs1538,66,
However, similar analogous markers have not been identified in describing various
developmental stages besides the early and late wave genes. Even further, how the
expression timing of these genes is generated is unclear. Chapter 4 reports on the findings
of feedforward loops as it relates to the Xenopus mesendodermal network. Chapter 5
elaborates on the second tier of control of the onset of ZGA and pursues the hypothesis that
feedforward loops are important components of this temporal regulatory control.
Particularly, the chapter focuses on the function of maternal Vegt and zygotic Nodal

signaling.
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The role of maternal transcription factors in early development

For my thesis, I focused on the function of maternal TFs during the process of ZGA. I used
molecular biology, genomic and systems biological approaches to understand the function
of maternal factors. In Chapter 2, I talk about my findings on the novel role of Otx1 during
early endoderm development. Otx1 initiates the emergence of endodermal enhancers, and
the activation of the endodermal gene regulatory network in collaboration with Vegt and
Foxh1. Chapter 3 addresses the question of how maternal TFs discriminate specific regions
in the genome for docking, and report on key features of endodermal cis-regulatory
regions. Chapter 4 steps back and broadly looks at the role of maternal TFs, within the
context of the GRN from egg through gastrula stages. This chapter introduces the function
of network motifs containing maternal transcription factors during endoderm
differentiation. Chapter 5 elaborates on the function of network motifs and their possible
function in regulating the timing of gene expression. [ use early Xenopus embryos to
generate these findings, although the basic mechanisms uncovered in this work related to
gene regulatory networks, network motifs, spatial and temporal control of gene expression

and epigenetics could be applicable to other developmental systems.
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Chapter 2
Assembly of maternal transcription factors initiates
the emergence of tissue-specific zygotic cis-regulatory

regions

* The text of this chapter of the dissertation is part of an unpublished manuscript. The co-author Ken W.Y. Cho listed in this publication directed
and supervised research which forms the basis for the thesis/dissertation. I would also like to acknowledge Ira L. Blitz, Masani Coley and Jessica
Cheung from the University of California, Irvine; as well as Masanori Taira from Chuo University, Tokyo, Japan and Norihiro Sudou from the
Women’s Medical University, Tokyo, Japan for their work on this manuscript.

26



Abstract

Gene transcription relies on the dynamic interaction between chromatin states and
transcription factors. Elucidation of the sequence of events underlying these interactions is
essential for understanding tissue specification, differentiation, cellular reprogramming
and cancer. Early embryogenesis provides a useful experimental system to study these
events. Maternal transcription factors function at the onset of zygotic genome activation to
specify the primary germ layers. We show that the genome-wide interactions of Xenopus
Otx1, Vegt and Foxh1 occur prior to the onset of zygotic genome activation. These
transcription factors co-occupy mesendodermal cis-regulatory modules before the
deposition of enhancer epigenetic marks, thus pre-marking regulatory regions of the
genome. Functionally, endoderm-specific factors Otx1 and Vegt co-regulate genes and act
as dual function transcription factors inducing endodermal targets, while also functioning
as repressors to exclude mesodermal gene expression in the endodermal germ layer.
Overall, our datasets highlight the importance of transcription factor assemblies during

gene regulation.
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Introduction

Metazoan development begins with a single totipotent cell that gives rise to numerous cell
types, each expressing lineage-restricted sets of genes. The activation of gene transcription
in the embryo relies on maternal transcription factors (TFs), which sit high in the
regulatory hierarchy to coordinate the gene regulatory cascades that lead to stereotypical
development of embryos. Zygotic gene activation (ZGA) is a major regulatory event where
control of the zygotic genome is transferred from maternal to zygotic TFs!. While the
timing of the transition differs between species, all undergo ZGA, which is controlled by
maternal inputs. With the exception of amniotes, the processes of germ layer specification
are coupled to ZGA and depend on unequally distributed maternal determinants present in
the egg before fertilization?. These maternal inputs are the first inputs to specify the
differentiation of germ layer cell types. Here, we examine the earliest lineage restriction
events of germ layer specification (the delineation of ectoderm, mesoderm, endoderm)

using Xenopus and address how maternal TFs regulate embryonic genome programming.

Maternal TFs presumably coordinate the actions of enhancers, which are cis-regulatory
modules (CRMs) that dock numerous TFs, to regulate the activity of core gene promoters.
Since TFs drive lineage-specific transcription programs by binding CRMs dispersed
throughout the genome, a major question that remains to be addressed is how maternal
TFs bind specific regions in the chromatin to endow the transcriptional responses that
initiate germ layer specification. We address this fundamentally important biological

question by going back to the earliest stages of embryonic development when transcription
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from the embryonic genome has not yet begun, the number of different cell types is small,

and the genome appears relatively naive.

Genomic studies of human and mouse embryonic stem cells have suggested a role for
epigenetic priming of CRMs and promoter regions3#+. Priming of these sites is thought to
have important roles in the deployment of gene regulatory networks (GRNs). However,
examination of the chromatin states of early Xenopus, zebrafish and Drosophila embryos
have not been able to find epigenetic signatures that are frequently associated with active
or repressive enhancer states. In Xenopus, histone H3R8me2 activating marks appear on at
least two genes, sial and nodal3, expressed before the major wave of ZGA>, but the majority
of enhancer chromatin marks appear to arise during the major ZGA phase®°. Therefore,
prior to ZGA, cleavage and early blastula stage chromatin is free of both the activating
enhancer marks H3K4me1 and H3K27ac, and permissive H3K4me3 as well as repressive
H3K27me3 histone marks. Similarly, in zebrafish, neither H3K4me3 nor H3K27me3 were
detected before ZGA; and a study of a larger cohort of histone modifications in Drosophila
which includes H3K4me1, H3K4me3, and H3K27me3, showed that epigenetic states are
largely established post-ZGA1011, Furthermore, we previously demonstrated that the
maternally-expressed forkhead-domain TF Foxh1 binds to the genome during cleavage
stages prior to ZGA, before the appearance of activating enhancer marks, suggesting that
Foxh1 selectively pre-marks CRMs on mesendodermal genes®. These findings raise an
important question as to how active CRMs are chosen and activated during germ layer

specification by maternal TFs.
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In Xenopus, maternal RNAs are specifically enriched animally (future ectoderm) or
vegetally (future endoderm) in the egg, and these factors are subsequently asymmetrically
inherited by different blastomeres. Specification of the endodermal germ layer is regulated
by the maternal T-box TF, Vegt, which sits at the top of the hierarchy of both endodermal
and mesodermal gene regulatory cascades!?-18. These experiments show that Vegt is
capable of activating both mesodermal and endodermal genes, implying that other TFs are
involved in restricting Vegt's function to endoderm gene activation in the vegetal pole cells

fated to this lineage.

We therefore searched for other maternal TFs that are localized in the prospective
endoderm region, and report here an unexpected role of Otx1 in endoderm specification.
Using a combination of ChIP-seq and transcriptomic data generated from both gain- and
loss-of-function analyses of Vegt and Otx1, we show that a combinatorial code of maternal
TFs binds to a set of CRMs in the genome before the onset of zygotic transcription to begin
endodermal differentiation programs. Our finding is consistent with the view that early
lineage specification is driven by the binding of critical maternal TFs to selective CRMs that
regulate cell-type-specific gene expression, and recruit epigenetic regulators that modify
the chromatin template to further facilitate the assembly of transcriptional machinery as

development proceeds.
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Results

Identification of maternal vegetally-localized transcription factors

We wished to identify maternal TFs that might play roles in endodermal specification in the
early embryo. Therefore, we examined transcript localization in cleavage stage Xenopus
tropicalis embryos before the onset of ZGA. Eight-cell stage embryos were dissected into
animal and the vegetal blastomere tiers. RT-qPCR and RNA-seq analysis on these samples
showed the expected vegetal localization of vegt and gdf1/vg1 RNAs, as well as animal
localization of foxi2 RNA (Fig. 2.1a; Fig. 2.2a-d). RNA-seq analysis on each tier, in biological
triplicates, (Fig 2.2¢e) identified 309 coding genes that are differentially expressed between
the animal (Table 2.1) and vegetal cells (Table 2.2). While hundreds of TFs are expressed in
the egg!®, only a small fraction is expressed in a regionalized manner. We found 9 TFs
differentially localized vegetally, while 4 are enriched animally (Fig 2.1b), using the criteria
where the posterior probability > 0.95 and the fold-difference > 1.5. The vegt and otx1
genes are among the most highly expressed vegetally, and are the most differentially
expressed (>8 fold) between vegetal and animal blastomeres (Fig 2.1c). Our findings are
consistent with previous RNA-seq based screens for localized factors which showed the
vegetal enrichment of 0tx12%21. While Vegt is a well known T-box TF that regulates
endoderm formation via the regulation of zygotic endodermal TF and Nodal genes16-18.22,

the role of Otx1 in the endoderm is still unknown.
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Previously, otx1 transcripts were detected in the vegetal pole of oocytes?3, however its
expression pattern in early embryos has not been well described. By whole mount in situ
hybridization we found that otxI remains expressed in the vegetal mass (presumptive
endoderm) and is excluded from the presumptive mesoderm prior to ZGA (Fig 2.1d). At
this stage, mesoderm is localized above the equator?# and epiboly moves this tissue into the
equator by the beginning of gastrulation. By stage 9 this mesoderm lacking otx1 can be
seen in the marginal zone (Fig 2.1e) and otxI expression persists in the endoderm through
early gastrulation (stage 10.5)(Fig 2.1f). otx1 is also seen in gastrula stage neuroectoderm
in a pattern reminiscent of otx1 orthologs, otx2 and crx?5-27. The exclusion of otxI RNA in
the putative mesoderm is in contrast to vegt, which is expressed vegetally as maternal RNA
and in the gastrula marginal zone after the onset of zygotic transcription12-15, The
expression pattern of otx1 suggests that it plays a role specifically in endodermal

development.

While Otx1 has not yet been implicated in vertebrate germ layer formation or early
patterning, echinoderm maternal Otx TFs are known to function as important regulators of
endodermal specification?82°. By mining the literature and transcriptomic datasets?328-46
we find that otx1 orthologs are expressed maternally and vegetally across metazoan
evolution, with the exception of amniotes (Fig 2.3), suggesting a conserved role in germ
layer patterning. We therefore hypothesized that Otx1 is an important regulator of

endoderm formation in Xenopus, perhaps functioning together with maternal Vegt.
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Vegt and Otx1 combinatorially regulate the endodermal transcriptome

To gain insight into the role of Otx1 in the endoderm, we first expressed Otx1 in animal cap
cells (future ectoderm) and assayed for induction of endodermal genes by RT-qPCR at early
gastrula stage 10.5 (Fig 2.4a). Otx1 is sufficient to activate endodermal markers such as
nodal, mixer and darmin, in addition to foxaZ, which is expressed in both endodermal and

mesodermal layers.

Next, we sought to determine whether Otx1 and Vegt collaborate to regulate endodermal
gene expression. Since Vegt is capable of activating endodermal genes in the animal
cap!>17, we considered the possibility that Vegt and Otx1 can collaboratively induce the
expression of endodermal genes. In addition, we also considered the possibility that Otx1
can inhibit the expression of mesodermal genes as (1) Otx1 has been shown to act as a
repressor4748, (2) zygotic vegt is a mesoderm gene regulator and (3) maternal otx1 is
exclusively expressed in endodermal cells. We therefore microinjected a single dose of vegt
or otx]I mRNA or a cocktail of these two mRNAs into the animal pole at 1-cell stage, and
assayed for endodermal and mesodermal gene expression in dissected animal caps. As
expected, Otx1 and Vegt alone act as activators of the endodermal genes nodal and mixer
(Fig 2.4b). Combinatorially, Otx1 and Vegt additively activate the expression of mixer.
Interestingly, we find a strong synergistic induction of nodal in the presence of both
mRNAs. Conversely, Otx1 strongly downregulates the induction of the mesodermally-
expressed gene fgf20 caused by Vegt*. To further support these findings, we then

performed dose response experiments, using the same animal cap paradigm, where a sub-
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threshold concentration of vegt mRNA was kept constant, and increasing doses of otx1
were added (Fig 2.4c). Assaying the expression of the same genes, increasing doses of Otx1
induced nodal and mixer expression, with nodal being more sensitive to Otx1 dose than
mixer. On the contrary, fgf20 was strongly repressed even at the lowest Otx1 dose. This
finding also proposes a dual function for maternal Otx1 - promoting endoderm
development vegetally, while repressing mesodermal development in the endoderm by

blocking the expression of fgf20.

We next examined the genome-wide interaction between Otx1 and Vegt in regulating
mesendodermal genes by employing the same vegt and otxI mRNA titration conditions
followed by RNA-seq analysis. To identify similarly regulated genes, we searched our RNA-
seq expression profiles for the dose-response patterns of nodal, mixer and fgf20. Pearson
correlation metric was used to identify genes with the most similar regulation to the
patterns of nodal, mixer and fgf20. We ranked the Pearson correlation coefficient and found
the 50 most highly correlated genes for the nodal-type, mixer-type and fgf20-type
regulation (Table 2.3). Among genes that are regulated similarly to the nodal- and mixer-
type, are tbx3, lefty, Ihx1, snail, cer1, and mix1, which show enriched expression in the
endoderm of the early gastrula. Among the fgf20-type regulated genes are the
mesodermally-expressed genes fgf4 and wnt11b. Consistently, when we plotted the spatial
expression during gastrula stage of nodal-, mixer- and fgf20-types of co-regulation, we find
nodal- and mixer-type genes to be expressed generally in the endoderm, while fgf20-type

genes were expressed in the mesoderm (Fig 2.4d).
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Our analysis so far has been based on ectopic expression assays. Therefore, to assess the
combinatorial roles of endogenous Otx1 and Vegt, we blocked their activity by injecting
translation blocking antisense morpholino oligonucleotides (MOs) into embryos, either
independently or in combination. We used a previously published vegt morpholino>?, and
we designed and tested a translation blocking morpholino to block Otx1 function, which we
showed to be specific through rescue experiments (Fig 2.5). Since Vegt and Otx1 are
expressed zygotically in other regions of the embryo, vegetal masses were dissected at
gastrula stage 10.5 to isolate these TFs functions in the endoderm. RNA-seq was then
performed on these explants in biological duplicates to assess Vegt's and Otx1’s specific
roles on the endodermal transcriptome. As the period around zygotic gene activation
involves drastic changes in gene expression, we found difficulty in using traditional
differential expression callers in identifying activated or inhibited genes as these rely on
gene expression in read counts or transcripts per million>1. Rather, we relied on the fold
changes in both biological replicates and defined differentially expressed genes as 2-fold
activated or inhibited. In addition, a gene expression cutoff at 10 transcripts per million
was imposed to avoid genes with extremely high fold changes due to low expression, which
is notoriously noisy®>2. Single knockdowns of Vegt or Otx1 affected the expression of 301
and 225 genes, respectively (Fig 2.4e,f). However, a much larger cohort of 450 genes were
affected in expression in the presence of both MOs. Furthermore, when examining the
expression of genes that are only down-regulated in the double MO but not the individual
MOs, we noticed that these genes are generally reduced in expression in both the Vegt MO
and the Otx1 MOs, although not as strongly as by the double MO (Fig 2.4g). Similarly, genes

that are only activated in the double MO are generally activated in both Vegt and Otx1 MOs
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(Fig 2.4h). These expression patterns suggest that Vegt and Otx1 are combinatorially
required to regulate the expression of these genes. Among these genes that are affected are
mesodermally-expressed genes fgf20 and mespa, which are both inhibited by Vegt and Otx1
(Fig 2.4i). Endodermally-expressed genes foxal and hnf1b, on the other hand, are activated
by both Vegt and Otx1. While we do not see as stark of a contrast as observed in animal cap
ectopic expression assays (Fig 2.4b-d), the spatial expression analysis of Vegt and Otx1 co-
regulated genes shows that negatively co-regulated genes are enriched in mesodermal
expression, whereas positively co-regulated genes are enriched in endodermal expression
(Fig 2.4j). Overall, our ectopic expression and knockdown experiments support the notion
that maternal Vegt and Otx1 function in a combinatorial manner to drive proper expression

of endodermal genes while minimizing vegetal expression of mesodermal genes.

Vegt and 0Otx1 co-bind to endodermal cis-regulatory modules before the onset of ZGA

Previously, we showed that the ubiquitously expressed Foxh1 binds to the genome prior to
ZGA, and before the appearance of promoter-bound RNA pol Il and H3K4me1 and Ep300
enhancer marks®. We therefore asked whether endoderm-specific TFs Vegt and Otx1 also
interact with the genome before the onset of ZGA. Chromatin immunoprecipitation coupled
with deep sequencing (ChIP-seq) was used to investigate Vegt and Otx1 binding at early
blastula stage 8. Vegt antibody has been used for ChIP-qPCR previously>? and the quality of
our Otx1 antibody has been demonstrated using ChIP-qPCR analysis (Fig 2.6). Biological
replicate datasets were used to identify reproducible and high confidence TF-bound

regions and a total of 21,711 and 5,151 bound regions were identified for Vegt and Otx1,
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respectively. De novo motif analysis of the bound sequences from the ChIP-seq data
identified a variation of the bicoid-type homeodomain (TAATCCCY)>* and T-box half-site
motifs (TCACACCT)>> for Otx1 and Vegt respectively (Fig 2.7). Both Vegt and Otx1 bind to
mesendodermal genes such as nodal6, sox17b, mix1, mixer, fgf20, gsc and hhex, and their
binding regions (peaks) are highly overlapping (Fig 2.8a,b). The set of Vegt and Otx1
overlapping peaks represents 64% of Otx1 peaks and 18% of Vegt peaks. Simulation of a
set of peaks similarly-sized to the Otx1 peak set across the genome show an average
overlap of 56 (1.1%) peaks over 1,000 trials with the 21,711 Vegt peaks (p < 2.2e-16),
suggesting that the overlap between Vegt and Otx1 chromatin binding is statistically

significant.

We examined the distribution of peaks relative to genomic features. Approximately 1.1% of
the entire X. tropicalis genome represents promoter proximal sequence (within 1kb
upstream of TSSs), ~25% is intronic and ~70% is intergenic (Fig 2.8c). Vegt and Otx1
binding is enriched 2-3 fold in promoter proximal regions and ~1.3 fold in intronic regions
at the expense of intergenic regions. Despite this enrichment, > 90% of Vegt and Otx1
binding reside in the intronic and intergenic regions, suggesting binding to enhancers over
promoters. By assigning these binding regions to the nearest genes, we find that Vegt and
Otx1 tend to bind to endodermal and mesodermal genes, rather than ectodermal genes (Fig

2.8d).

Previously, we showed that the maternal TF, Foxh1, is bound to CRMs as early as cleavage

stages, and prior to the establishment of enhancer marks Ep300 and H3K4me1°. We asked
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whether endoderm-specific TFs could engage the chromatin during these early stages of
development. We tested whether Vegt and Otx1 also interact with the genome by
performing ChIP-qPCR on 32-cell stage embryos, 3-4 cell cycles prior to ZGA (Fig 2.8e,f).
Indeed, strong binding of endogenous Vegt and Otx1 was detected during pre-ZGA stages
on the regulatory regions of mesodermal and endodermal genes. This suggests that
maternal TFs in general engage the chromatin during the transcriptionally quiescent

cleavage stages, prior to establishment of enhancer marks.

Identification of Vegt and Otx1 direct target genes defines these TFs as dual function

activators and repressors

By combining these ChIP-seq peaks with the findings from the knockdown experiments, we
identified a set of Vegt-regulated (Table 2.4), Otx1-regulated (Table 2.5) and co-regulated
(Table 2.6) genes during zygotic gene activation. Vegt-activated genes include nodal5.2 and
cerl, both of which have previously been identified as Vegt direct targets18535657. Among
the mostly newly identified 45 direct targets (Table 2.4) of Vegt is nodal6, which harbors
multiple ChIP-seq peaks upstream of the gene. Surprisingly, as Vegt is not a known
repressor, we identified a total of 34 genes directly repressed by Vegt, which includes
mesodermal genes fgf20, mespa and mespb. This suggests that Vegt could have a previously
unidentified repressive function. On the other hand, Otx1 directly inhibits 8 genes, which
include the mesodermal gene fgf20 (Table 2.5). Otx1 directly activates 15 genes, which

includes the endodermal genes gata4 and foxal. This is interesting as both homologs of
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gata4 (gatae) and foxal (foxa) are direct targets of the sea urchin otx gene?°. This suggests

a functional conservation between the Xenopus and sea urchin endoderm GRNs.

In order to identify genes that require the combinatorial regulation of Vegt and Otx1, we
imposed the three conditions (1) Vegt binding; (2) Otx1 binding; and (3) either the gene is
affected by all three conditions (Vegt MO, Otx1 MO and double MO) or the gene is affected
by double MO but not by single MOs. This list may be limited since, as previously
mentioned, co-regulated genes can be affected by single MOs, although not as strongly as by
double MOs (Fig 2g,h). Nonetheless, based on these conditions, 8 genes are inhibited and

22 genes are activated combinatorially and directly by Vegt and Otx1 (Table 2.6). Overall,
our chromatin binding analysis and perturbation experiments both support the model that

co-regulation by Vegt and Otx1 is a key component of early endoderm formation.

Maternal Otx1 and Vegt assemble on cis-regulatory regions together with Foxh1

De novo motif analysis of Otx1 and Vegt ChIP-seq bound regions identified their respective
motifs. In this analysis, we also identified a set of maternal TFs that are likely candidate TFs
that co-regulate target genes together with Vegt and Otx1 (Fig 2.7). Prominently, we found
the Fox motif in the Otx1 ChIP-seq peak regions and Vegt-Otx1 co-bound regions,
suggesting an interplay between Foxh1, Vegt and Otx1. When we compared Otx1 and Vegt
peaks to Foxh1 peaks, all derived from embryos of the same developmental stage (blastula
stage 8), we find that both Vegt and Otx1 binding overlaps with Foxh1 (Fig 2.9a,b). Greater

than 70% of Otx1 peaks and greater than 25% of Vegt peaks overlap with Foxh1 peaks.
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This peak overlap might indicate co-occupancy of Foxh1, Vegt and Otx1 on CRMs within the
same vegetal cells. To test this hypothesis, we performed sequential ChIP-qPCR. First, we
performed ChIP using Otx1 antibody, followed by dissociation, and a second round of ChIP
using Vegt, Foxh1 or Flag (as a negative control) antibodies. Regions bound by Otx1 are co-
occupied by Foxh1 and Vegt within the same endodermal cells (Fig 2.9b,c). This suggests
that these maternal TFs assemble on cis-regulatory regions during cleavage through

blastula stages.

Possibly, co-occupancy favors the binding of TFs on these CRMs over other regions of the
genome. To test this model, we knocked down Foxh1 expression using a previously
published, translation-blocking morpholino>® and assessed Otx1 and Vegt binding by ChIP-
qPCR at blastula stage 8. In the absence of Foxh1, association of both Otx1 and Vegt in
multiple regions is decreased (Fig 2.9d). These observations suggest that these three

maternal TFs co-occupy CRMs in the genome as an assembly.

Pre-marking of endodermal CRMs by maternal Otx1/Vegt/Foxh1 assembly

We wished to determine whether Otx1, Vegt and Foxh1 co-bound regions correspond to
functional cis-regulatory modules. Since CRMs are functional gene regulatory elements that
tend to dock multiple TFs, ChIP-seq binding of various Xenopus tropicalis zygotic TFs were
analyzed. This set of zygotic TFs includes endodermally active TFs Ctnnb1/-catenin, Foxa,
Gsc, Otx2, and Smad2/3958-60, Regions near endodermally-expressed genes such as foxal,

pnhd and gata4, which are co-bound by maternal TFs, show extensive co-binding of zygotic
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TFs as well (Fig 2.10a). The promoter region of gata4 shows co-binding of all maternal and
zygotic TFs analyzed. Genome-wide analysis support this finding, as regions that are co-
bound by all three maternal transcription factors display ChIP-seq signal of zygotic TFs (Fig
2.10a,b). Interestingly, co-binding of Smad2/3 signal is enriched at sites triply bound with
Otx1, Vegt and Foxh1, suggesting an interplay between Nodal signaling and all three of
these maternal TFs. These observations suggest that the Otx1, Vegt and Foxh1 co-bound

regions are sites for subsequent assembly of zygotically-active TF recruitment.

While CRMs that act as enhancers typically display epigenetic marks, in early frog, fish and
Drosophila embryos enhancer marks are not present until after ZGA7.810.11, We therefore
wished to determine whether Otx1, Vegt and Foxh1 co-bound regions are subsequently
decorated with enhancer marks. We interrogated staged histone mark datasets for the
presence of H3K4me1, H3K27ac and Ep300, well known enhancer marks 78. The Ep300
active enhancer mark is not readily detectable until blastula stage 9, after ZGA has begun
and well after the stage when our current ChIP-seq datasets were generated (stage 8).
Post-ZGA Ep300 displays strong signal at the regions of maternal TF co-binding (Fig
2.10a,c). Similarly, the H3K27ac active enhancer mark is weakly present at stage 8 and is
largely established during early gastrula (Fig 2.10d). The general enhancer mark H3K4me1l
is absent at the stage of our ChIP-seq binding and this mark is largely established at stage 9
(Fig 2.10e). Interestingly, this mark appears to persist through later developmental stages.
These datasets, taken together, implicate Otx1, Vegt and Foxh1 co-bound regions as CRMs
that likely function as enhancer elements that recruit other zygotically expressed TFs at

later stages.
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Discussion

In anamniote embryos, the first cell fate decisions are specification of the primary germ
layers by maternal factors. Here, we identify a role for the maternal TF Otx1 in endodermal
specification. The relationship between Otx1 and the maternal TFs Vegt and Foxh1 was
explored. Interaction of these TFs with the genome occurs during cleavage stages and in
the blastula, prior to the onset of zygotic transcription. By interrogation of genome-wide
binding, we find numerous regions where all three TFs are present (Fig 2.9a,b) and
sequential ChIP studies show that they co-occupy CRMs (Fig 2.9c), suggesting these TFs
collaborate to regulate gene behavior. We also show that these regions of maternal TF co-
binding are sites for docking numerous zygotically-active mesendodermal TFs (Fig
2.10a,b). We also demonstrate that these CRMs, while not significantly decorated with
enhancer-associated histone marks or Ep300 before ZGA, become marked after ZGA (Fig
2.10a,c-e), supporting the notion that they are functionally active CRMs. We conclude that
all three of these maternal TFs are akin to pioneering factors in that they pre-mark CRMs,
genome-wide, before the acquisition of histone modifications associated with active

enhancers.

The sequence of events leading to the appearance of open chromatin, epigenetic marks and
TF binding is under intensive investigation. The early metazoan embryonic (pre-ZGA)
genome lacks enhancer marks, and both permissive and repressive histone modifications
(H3K4me3 and H3K27me3, respectively) are established during late blastula and gastrula

stages®-81011 Current evidence for the presence of open chromatin in the early Xenopus
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embryo is lacking, however, data from Drosophila and zebrafish suggest that early
embryonic chromatin is relatively closed prior to ZGA1161, Indirect evidence in Xenopus and
zebrafish supports this finding, as high nucleosome concentration prevents transcription,
and transcription factors must compete with nucleosomes to regulate gene expression®2-64,
We find that combinatorial binding of maternal TFs Otx1, Foxh1 and Vegt occurs pre-ZGA,
prior to the recruitment of H3K4me1 and Ep300. This suggests that chromatin binding by
maternal TFs is not controlled by epigenetics, but rather by TF binding preferences for

DNA motifs influenced by protein-protein interactions (Fig 2.9d) on CRMs.

These same maternal TFs may even be involved in recruitment of the writers of epigenetic
marks. An example of epigenetic writer recruitment by TFs during Xenopus dorsal-ventral
patterning is Ctnnb1/pB-catenin’s facilitation of Prmt2 binding to the sial regulatory
region®. Prmt2 then deposits H3R8me2 marks resulting in transcriptional activation of
sial. Interestingly, inhibition of zygotic transcription through a-amanitin treatment showed
that maternal factors are involved in a majority of H3K4me3 promoter marks and
H3K27me3 polycomb repressive marks; and a subset of Ep300 recruitment through late
gastrula stages®. Recent evidence in human embryos shows that maternal factors, perhaps
including OTX2, also control post-ZGA chromatin accessibility at the 8-cell stage*?. Our
current and previous data® demonstrate that maternal TF binding to CRMs precedes both
the H3K4me3 and H3K27me3, and enhancer marks (Fig 2.10a,c-e), suggesting that TFs are
the major drivers of site-selective chromatin modifications in the early embryo and not the

reverse.
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The function of maternal Vegt has been extensively characterized as an activator of
endodermal and mesodermal genes!?-18, However, when we analyzed RNA expression in
the vegetal mass of Vegt morphants, mesodermal genes were induced, corroborating the
previous finding that the putative mesoderm shifts to the vegetal mass in Vegt
knockdowns!6. Combined with the chromatin binding, our data supports a model whereby
maternal Vegt acts as a direct repressor of mesodermal genes vegetally. This finding poses
a novel inhibitory role for Vegt and suggests that Vegt acts as a dual function transcription
factor. This would add Vegt to the list of T-box transcription factors that can act as
repressors. This list includes mouse Tbx20, Xenopus Tbx3, zebrafish Tbx24, C. elegans Tbx2,
and Drosophila Midline®>-69, Mechanistically, the repressive roles of Tbx20, Tbx24 and
Midline have been attributed to the interaction with the general co-repressor
Tle/Groucho®7:69.70. Alternatively, the switch from the activator to the repressive role of
Tbx2 has been attributed to the SUMOylation of this protein®. These mechanisms from
other T-box family members present some attractive hypotheses in studying the possible

mechanism for Vegt's repressive function.

The role of maternal Otx1 in germ layer specification has not previously been investigated.
In the current study we identified otx]I mRNA as vegetally localized, consistent with
previous studies on Xenopus oocytes and early embryos2021.23 and sought to understand its
role in endoderm specification. Using both gain- and loss-of-function experiments we
provide support for the notion that Otx1 collaborates with Vegt to activate endodermal
gene expression and also to repress mesoderm formation (Fig 2.4). Repression of

mesodermal gene expression appears to occur at least in part through Otx1-mediated
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down-regulation of both zygotic fgf20 and fgf8 expression. Fgf signaling inhibits
endodermal gene expression in both Xenopus and zebrafish’1-73 and is absent in the vegetal
pole of normal blastulae, whereas it is active in the mesoderm#°74. The mechanism for
toggling Otx1’s dual functions on different genes remains unclear. A genome-wide study on
the function of Otx2 in dorsal-ventral patterning similarly identified CRMs responding to
activation and repression functions for this paralogous TF, whereby Otx2 together with
Lhx1 functions as an activator, while Otx2 together with Gsc functions as a repressor>°.
Phosphorylation of Otx2 appears to play a role in its repressor function’> and since these
phosphorylation sites are also conserved in Otx1, it is possible that the dual role of Otx1

might be similarly regulated.

How does the role of Otx1 in early frog embryos apply to endoderm in other organisms?
Otx genes are most well known for their roles in embryonic anterior specification, a
function that pre-dates the evolutionary split between deuterostomes and protostomes.
The only functional study on otx genes in the initial specification steps of endoderm comes
from echinoderms, the sea urchin and starfish, where vegetally-localized otx was shown to
activate expression of multiple endodermal genes?82°. Therefore, we mined publically
available in situ hybridization and transcriptomic datasets to determine whether otx1
orthologs are expressed maternally and vegetally (Fig 2.3). Our analysis suggests that Otx1
orthologs seem to play a role in endoderm formation across deuterostomes, with the
exception of amniote embryos. Interestingly, our analysis shows that Otx1 activates gata4
and foxal in Xenopus, similar to the activation of gatae and foxa orthologs by Otx in sea

urchin?® suggesting conservation of GRNs. While much is known about the expression
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pattern of Otx1 homologs, further functional analysis is needed to uncover their roles in

diverse endodermal gene regulatory programs.

Our current study and previous work® are in line with the notion that assembly of maternal
transcription factors initiates the emergence of tissue-specific zygotic cis-regulatory
regions. While we have so far identified the assembly of maternal TFs on the genome, other
maternal TFs undoubtedly are involved in this process. Some candidate maternally-
expressed TFs include vegetally-localized Sox7 and ubiquitously expressed TFs such as
Zic2, Sox3 and Pou5f3/0ct60, motifs of which are enriched under Vegt and Otx1 peaks.
Important future questions that need to be addressed are how do a larger set of maternal
TFs coordinate ZGA, both temporally and with appropriate spatial expression, and how do
these TF assemblies differentially recruit chromatin modifiers that establish germ layer

and cell type-specific epigenetic states.

Materials and Methods

Animal husbandry and embryo manipulation

Xenopus tropicalis females were injected with 10 units of Chorulon (Merck and Co.) 1-3

nights before embryo collection and 100 units of Chorulon on the day of embryo collection.

Eggs were collected in a dish coated with 0.1% BSA in 1/9x MMR. The eggs are in vitro

fertilized with sperm suspension in 0.1% BSA in 1/9x MMR. The embryos are dejellied with
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3% cysteine in 1/9x MMR, pH 7.8, 10 minutes after fertilization and are then ready for

manipulation. Embryos were staged using the Nieuwkoop-Faber developmental table’6.77.

Ectopic expression, morpholino knockdown and morpholino rescue

Ectopic expression: The Xenopus tropicalis vegt and otx1 open reading frames are cloned
into the BamH1 site of the pCS2+ vector using Gibson cloning”8. Similarly, the Otx1 open
reading frame was cloned into the BamH1 site of pCS2+3xFLAG vector to generate an
epitope-tagged Otx1. The plasmids are then digested with Hpal and mRNA was generated
using in vitro using SP6 mMessage mMachine transcription kit (Thermo Fisher Scientific).
For the ectopic expression experiments, otx1 or vegt mRNA was injected into one-cell stage
embryos on two opposite sides of the animal pole. Animal caps were dissected at stage 9 (6
hpf) and RNA was harvested from the animal caps at 7 hpf (approximately early gastrula at
stage 10.25-10.5).

Knockdown: Otx1 translation blocking morpholino was designed by GeneTools, Inc.,
against X. tropicalis Otx1 (5’-ATGACATCATGCTCAAGGCTGGACA-3’) and the Vegt
morpholino was previously tested (5-TGTGTTCCTGACAGCAGTTTCTCAT-3")>%. The
morpholinos or the Otx1 morpholino with the rescue construct (FLAG-otx1 mRNA) directly
into the vegetal pole of one-cell stage embryos. Vegetal masses were dissected at 6 hpf and

RNA was harvested from vegetal masses at 7 hpf for RNA analysis.
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RNA assays and analysis

RNA isolation and RT-qPCR: RNA was collected from embryo and embryo fragments as
previously described’®. RNA samples were reverse transcribed using the MMLV reverse
transcriptase. qPCR was performed using Roche Lightcycler 480 II using the Roche SYBR
green master with the default SYBR green protocol. Fold change in gene expression is
calculated using the DDCp approach and the error among technical replicates is calculated
using the first approximation of the Taylor expansion for the DDCp value. RNAseq and
differential expression: RNA-seq libraries were generated using Smart-seq2 cDNA
synthesis followed by tagmentation?8’, quality-tested using an Agilent Bioanalyzer 2100,
quantified using KAPA qPCR and sequenced using I[llumina sequencers at the UC Irvine
Genomics High Throughput Facility. Reads were aligned using RSEM v.1.2.128! and Bowtie
v2.2.782 to the Xenopus tropicalis genome version 9.08384, Differential expression between
samples was performed using the EBseq v1.8.085 function EBTest on R v3.1.08¢. Gastrula
stage RNA expression analysis: Gastrula expression in transcripts per million of various
tissue fragments were downloaded from NCBI GEO accession number GSE814581°. The
expression pattern of each gene is z-score normalized and plotted in R v3.1.0 using the
heatmap function®®. Pattern matching for similarly regulated genes: In the
combinatorial ectopic expression of Vegt and Otx1 experiment followed by RNA-seq, we
pattern matched the whole genome expression in TPM with the TPM expression

of nodal, mixer and fgf20 with the cor function in R using the Pearson method. We then
ranked the correlation metric of the entire genome to each of the patters and selected the

50 most correlated genes®®.
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Whole mount in situ hybridization: We used the protocol of Harland8” with modifications
as previously described?>. Template for otxI riboprobes was obtained following PCR
amplification from cDNA prepared by Smart-seq28° reverse transcription. PCR product
contained bacteriophage T3 and T7 promoters for the synthesis of sense and antisense
probe, respectively. The forward and reverse primers for amplification were: 5’-
GCAGCaattaaccctcactaaaggTTCAGCGGGGTGGATTGCAG-3’ and 5'-

GCAGCTAATACGACTCACTATAGGacacagggacaaacagagccaa-3’.

ChIP assays and analysis

ChIP-qPCR and ChIP-seq: ChIP on X. tropicalis embryos was performed as previously
described>8. ChIP DNA using 1 embryo equivalent, and ChIP input DNA at 0.1, 0.01 and
0.001 embryo equivalents assayed in triplicates by qPCR using the Roche Lightcycler 480 II
using the Roche SYBR green master with the default SYBR green protocol. Percent input of
ChIP DNA was calculated by generating a linear model of input DNA embryo equivalents
and qPCR Cp values. ChIP-seq libraries were generated using Nextflex ChIP-seq kit (Bioo
Scientific), analyzed using an Agilent Bioanalyzer 2100, quantified using KAPA qPCR and
sequenced using [llumina instruments at the UC Irvine Genomics High Throughput

Facility. Peak calling and IDR: Reads were aligned to the X. tropicalis genome v9.08384
using Bowtie v2.2.782 with default options, and peaks were called against stage 8 input
DNA?® using Macs v2.0.1088 with the option -p 0.001 but otherwise default options. ENCODE

based irreproducibility discovery rate (IDR) was performed using the following p-value
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thresholds for the following comparisons: 0.01 for original biological replicates, 0.02 for
pseudoreplicates of each biological replicate and 0.0025 for pseudoreplicates generated
from pooled reads of biological replicates®®. Motif analysis: Motif analysis was performed
using DREME?? and matching identified motifs to databases was performed using
TOMTOMP?L. IGV track: Using Samtools v0.1.19, aligned reads in SAM format were
converted to BAM format (samtools view -bS) and duplicates were removed (samtools
rmdup)?®2. Bedtools v2.19.1°3 was used to convert BAM files to BED format. IGVtools
functions sort (default options) and count (-w 25 -e 250) were used to generate the WIG
files loaded into IGV v2.3.20%4. ChIP signal heatmaps: The ChIP signal of histone
modifications, Ep300, zygotic TFs near Vegt, Otx1 and Foxh1 peaks were generated as
follows. Using the TF summit file generated by MACS2 after peak calling, 2500 bp was
added to the 5’ and 3’ sides of the summit to generate a 5000 bp peak window using Python
v2.6.6. Datasets were downloaded from NCBI GEO using the accession numbers: GSE85273
for RNA polymerase Il and stage 10 Foxa? GSE67974 for H3K4me1 and Ep3008; GSE56000
for H3K4me1l and H3K27ac’; GSE72657 for stage 10 Ctnnb1/B-catenin®’; and GSE53654
for stage 10 Smad2/358. The stage 10 Gsc and Otx2 ChIP-seq, and their respective input
DNA datasets were obtained from the DDBJ] Sequence Read Archive using the accession
numbers DRA000508, DRA000510, DRA000576 and DRA00057759, For the datasets
downloaded from NCBI GEO, Sratoolkit v2.8.1 was used to convert SRA files to FASTQ using
the command fastq-dump. The ChIP datasets were processed as in IGV track all the way
through the IGVtools sort function (see above). After sorting, the BED files from this
analysis were overlaid into the TF ChIP 5000 bp peak window using Bedtools v2.19.193

function coverageBed . The coverageBed output is pre-processed to generate ChIP signal in
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matrix form, and the signal matrix is plotted in R v3.1.0 using the heatmap

function®¢. Sequential ChIP: The initial steps of ChIP are performed as usual. After
incubation with the first antibody, elution is performed using 1x TE, pH 8.0, with 10mM
DTT, 500 mM NaCl and 0.1% SDS at 370C for 30 minutes. After the incubation, the eluate is
diluted 10x with RIPA. The diluted eluate is incubated with the second antibody and the
rest of the ChIP is performed as usual®>. Foxh1 knockdown: Foxh1 protein was knocked-
down using a previously tested translation blocking morpholino (Sequence:
TCATCCTGAGGCTCCGCCCTCTCTA)>8. The morpholino was injected directly into the zygote
vegetal pole. Embryos were fixed ~4 hours post fertilization around stage 8 and assayed

for either Vegt or Otx1 binding by ChIP-qPCR (see above).

Maternal gene expression of non-Xenopus Otx genes

The early embryonic RNA-seq datasets were obtained from NCBI GEO using the accession
numbers GSE22830 for zebrafish38 and GSE86592 for chick#! and were aligned to their
respective genomes?%?7 using RSEM v.1.2.1281 and Bowtie v2.2.782. The processed RNA
expression in read counts of early embryonic A. queenslandica and D. melanogaster were
obtained from NCBI GEO using the accession number GSE7018545. The axolotl9, N.
vectensis*® and C. intestinalis®* RNA expression were obtained as supplementary

information from their respective publications.
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Data Availability

Raw and processed RNA-seq and ChIP-seq datasets generated for this study are available at

NCBI Gene Expression Omnibus using the accession GSE118024.
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Figure 2.1. Screen for core maternal endodermal transcription factors. (a) Experimental
design to screen for core endodermal TFs. (b) Log2-transformed transcripts per million
(TPM) expression of TFs in animal and vegetal blastomeres. Differentially expressed TFs
are highlighted in green (vegetal) or orange (animal). (c) Log2-transformed fold change of
expression levels of localized TFs. In situ hybridization showing otx1 expression pattern
pre- and post-ZGA during early blastula (d), late blastula (e) and early gastrula (f).
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in transcripts per million (TPM) of known localized RNAs. Experiments were performed in
biological triplicates. vegt (b) and gdf1 (c) RNAs are vegetally-localized, while foxi2 (d) is
animally-localized. (e) Average expression of genes in animal and vegetal blastomeres in
log2-transformed transcripts per million. Differentially expressed genes are highlighted in
green (vegetal) or orange (animal).
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Figure 2.4. Vegt and Otx1 are a dual function transcription factors in the endoderm. (a)
Ectopic expression of otx1 in animal caps showing induction of endodermal genes by RT-
gPCR. (b) Single and combined ectopic expression of otxI and vegt showing synergistic and
antagonistic co-regulation by RT-qPCR. (c) Combinatorial ectopic expression of vegt and
otx1 in the animal cap using dosage titration to assay for similarly co-regulated genes by
RT-qPCR and subsequently, RNA-seq. Yellow diamond indicates the sub-threshold
concentration of vegt, with which titrating doses of otxI mRNA is co-injected. (d) Spatial
expression pattern in the gastrula stage of genes that are positively co-regulated (nodal-
type and mixer-type) or negatively co-regulated (fgf20-type) by vegt and otx1. Venn
diagram of genes that are downregulated (e) or upregulated (f) in morpholino knock-down
of otx1, vegt or both. Expression pattern of downregulated (g) or upregulated (h) genes in
the RNA-seq datasets in transcripts per million normalized to uninjected control. (i)
Expression of mesodermal (fgf20, mespa) genes and endodermal (foxal, hnf1b) genes in the
morpholino RNA-seq experiment. (j) Spatial expression of genes that are downregulated
and upregulated in the double morpholino experiment. Abbreviations: AC = animal cap,
VMZ = ventral marginal zone, LMZ = lateral marginal zone, DMZ = dorsal marginal zone and
VM = vegetal mass; ** p-value < 10-3, N.S. = not significant
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Otxl Morpholino Sequence
ATGACATCATGCTCAAGGCTGGACA

Rescue Construct Sequence

TGTCCAGCCTTGAGCATIGATGTCAT WT otxl
GGCCGCAGGCCTGAAATGATGTCAT HA-otxl1
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Figure 2.5. Morpholino knock-down of Otx1. (a) Sequence of the X. tropicalis otx1 initiator
ATG region, along with the translation blocking morpholino and the HA-otx1 rescue
construct. Underlined on the WT otx1 sequence is the translation start site. In red in the
HA-otx1 sequence are 14 /25 mismatching bases between WT and rescue sequence that is
targeted by the morpholino. (b) RT-qPCR at mid-gastrula of morpholino injected compared
to uninjected vegetal masses to test morpholino specificity.
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Figure 2.6. ChIP-qPCR validation of Otx1 peptide antibody. (a) X. tropicalis Otx1 protein
sequence where the underlined sequence is the target of the Otx1 polyclonal peptide
antibody. In colors are conserved regions of the protein: the homeodomain (orange), the
WSP domain (green) and the Otx-tail (red). (b) ChIP-qPCR using the antibody assaying for
Otx1 binding in the promoter regions of mesendodermal versus control genes.
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Figure 2.7. Motif analysis of Vegt and Otx1 ChIP-seq datasets. Top motifs ranked by
enrichment found in the Otx1 ChIP-seq, Vegt ChIP-seq and Vegt-Otx1 co-bound regions.
Candidates were identified based on whether the transcription factor (1) binds to a DNA
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Figure 2.8. Vegt and Otx1 bind to the chromatin near mesendodermal genes prior to ZGA. (a)
Venn diagram of Otx1 and Vegt peak overlaps. (b) IGV track of Otx1 and Vegt ChIP-seq near
endodermal (nodal6, sox17b.1, sox17b.2, mixer, mix1), mesodermal (fgf20) and
mesendodermal (gsc, hhex) genes. (c) Location of Vegt and Otx1 binding. (d) Expression of
genes bound by Vegt and Otx1. Chromatin binding of Vegt (e) and Otx1 (f) near genes
involved in germ layer formation identified using ChIP-qPCR at 32-cell stage embryos.
eeflal and insulin promoters were used as negative control.

motif that matches the enriched motif and (2) is expressed maternally along with Vegt and
Otx1.
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Figure 2.9. Ubiquitous and endoderm-specific factors form an assembly in the chromatin. (a)
Overlap of Vegt, Otx1 and Foxh1 peaks. (b) Genome browser view of Otx1, Vegt and Foxh1
binding, highlighting four regions of peak overlaps. (c) Sequential chromatin
immunoprecipitation using anti-otx1 followed by anti-FLAG, anti-vegt or anti-Foxh1
antibody in regions of peak overlap. (d) Foxh1 MO knock-down followed by Otx1 or Vegt
ChIP-qPCR performed on stage 8 embryos. eeflal and odc1 were used as negative control.
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Figure 2.10. Combinatorial Foxh1, Vegt and Otx1 binding pre-marks zygotic cis-regulatory
modules. (a) IGV browser of maternal Foxh1, Vegt and Otx1 binding overlaid with
mesendodermal zygotic transcription factor binding (f-catenin, Foxa, Gsc, Otx2 and
Smad2/3), RNA polymerase Il and enhancer marks (H3K4me1 and p300) near the genes
foxal, pnhd and gata4. (b) Later gastrula stage zygotic TF binding of Ctnnb1/f3-catenin,
Foxa, Gsc, Otx2 and Smad2/3 in combinatorially bound regions by maternal TFs. Heatmap
of active enhancer marks Ep300 (c) and H3K27ac (d), and general enhancer mark
H3K4mel (e) in combinatorially bound regions by maternal TFs.
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Animally-localized maternal genes

abca3 herc2 mprip taok2
acsl4 kdm4a msil thcld14
adprh.2 kiaa0232 mvk tbxaZr
apba3 kiaa0922 ntSm tmem164
appl2 kif13a-like pgrmcl tmem55a
ash1l lipe pnkd tnfaip1
atxn7 loc100036640 prril tomm40l1
b3galt4 loc100216088 prrg4 tp53i11
c2orf49 loc100487499 psap trim32
cadm1 loc100487666 ptk2 tthk2
casch loc100489276 ptprq ubxnl1
chfazt2 loc100489717 rab6a usp54
cd74 loc100490228 rbm46 wdr45b
dand5 loc100490651 rmdn3 Xetrov90000828m
dfnb31 loc100490846 scaf4 Xetrov90004801m
dfnb59 loc100494768 sfxn1 Xetrov90015306m
dgkq loc100494894 sh3rf1 Xetrov90019765m
dnaja4.2 loc100497699 sidt2 Xetrov90023622m
dnal4 loc101731566** slc26a6.2 Xetrov90026807m
fofrd loc101731627 slc36a4 Xetrov90027278m
fnip2 loc101734368 snx7 Xetrov90027900m
foxi2** Irrc71 S0x9** Xetrov90029512m
gigyf1 Irrfip2 spata5 xkrx
gpcd map7d3 sptic1 znf609
grhl1** mettl9 stk40 zZrsr2
heatr5a

Table 2.1. Animally-localized maternal genes identified through transcriptomic analysis of
the 8-cell stage embryo. ** indicates 4 genes encoding transcription factors.
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Vegetally-localized maternal genes

acsbg2 fam43a loc100494186 nlgn1 smarcc2** Xetrov90011196m
acsl1 fafr2 loc100494328 notum snail** Xetrov90012204m
aktip fzd1 loc100494519 ormdI2 sogal Xetrov90012314m
anln.1 gab2 loc100495031 osbpl11 sox7** Xetrov90012939m
arl8b gaint10 loc100495295 otx1** spirel Xetrov90013148m
atf6** gas2I3 loc100496161 pacsin3 sptssa Xetrov90014808m
biccl gdf1 loc100496367 parva stard3 Xetrov90014863m
bloc1s5 gpbp1** loc100497147 pbx1** stx12 Xetrov90015270m
bves grebl1l loc100498236 pent.1 styk1 Xetrov90015386m
camk2d grip2 loc100498538 pcsk4 suclg2 Xetrov90018595m
carls hba-12 loc101730709 pcské sufu Xetrov90021534m
cbx7 hddc3 loc101731661 pi4kb sulfl Xetrov90022456m
cdanl hexb loc101732537 pld2 sumf2 Xetrov90022545m
cdk5r2 hook2 loc101732683 plk3 sybu Xetrov90022546m
cep57 hpca loc101732716 ppplr13b syngrl Xetrov90022562m
chek1 hps6 loc101732837** ppplr3b thbcld1 Xetrov90022602m
cited2 hsbp1 loc101732899 ppplr9a tefm Xetrov90025751m
cldn4 igf3 loc101733008 prpsap2 thnsl2 Xetrov90025763m
cnppd1 kiaa1522 loc101733155 ptp4a3 timp3 Xetrov90026290m
cntd2 kiaa1715 loc101733578 ptplad1 tmprss4 Xetrov90026291m
cpped1 kif13b loc101734093 qrich1.2 trib1 Xetrov90027567m
cpsf4l kif14 loc101734920 rab11fip4l trim36 Xetrov90028148m
cyp26al klhl11 loc101735136 ralgps2 usp40 Xetrov90028257m
daam1 klhi36 loc101735154 rbpms2 vegt** Xetrov90028259m
dazl krt8 loc733735 rdh10 velol Xetrov90028649m
dcc-like ligl1 loc779566 rhcg wnk2 Xetrov90029275m
ddx25 loc100036665 Irp1 rnf180 wntllb Xetrov90029846m
dennd5a loc100145165 Ism4 rnf38 Xetrov90000569m | Xetrov90029967m
dgat2 loc100487364 lurap1 rnf41 Xetrov90000785m | Xetrov90030080m
dnd1 loc100487727 mark4 rragc Xetrov90005058m | Xetrov90030362m
dynltl loc100488945 mical3 rtn3 Xetrov90005215m zmym3
emc7 loc100490959 mief2 sbfl Xetrov90005273m zp3
eroll loc100492173 mogatl.2 sipalll Xetrov90008209m zswim4
exd1 loc100493477 mov10 slc15a4 Xetrov90009737m
fam160al loc100493856 nanosl smagp Xetrov90009917m

Table 2.2. Vegetally-localized maternal genes identified through transcriptomic analysis of
the 8-cell stage embryo. ** indicates 9 genes encoding transcription factors.
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nodal-type mixer-type fgf20-type
nodal mixer faf20
Incrna_single_sw_00181079 lefty cdx2
insm2 cmtm8-like Incrna_single_sw_00123353
menf.1-like.2 mespa sfrpl
Xetrov90020481m hx1 loc733709
loc101733237 cass4 Incrna_single_sw_00221977
uts2r-like foxa4 chrnb2
Xetrov90006308m loc100488909 MGC107849
Xetrov90022751m loc101733080 wntllb
1oc100493406-like pnhd Xetrov90023892m
Xetrov90012033m septs trabd2a
thx3 fIrt3 slc12a3.2
Incrna_single_sw_00173957 cerl nppa
tnmd 10c100495259 plod2-like
loc100487643-like nodall Incrna_single_n_00078502
dkk3 Xetrov90013120m fhi3
Xetrov90028804m loc100496651 il2rg
Incrna_single_sw_00179312 ventx3.1 tmprss9
kif21b-like frzb 1oc100485269
plekho1-like ptchd4-like cal4
Incrna-candidate-sw-20901 Xetrov90009422m Incrna_single_sw_00267705
Xetrov90000638m snail esr10
Xetrov90027386m Incrna-candidate-sw-50738 tgm4
prr5l-like mespb wntl1-like.1
Incrna-candidate-sw-48848 Xetrov90028098m tmem150b
Xetrov90030008m epha4 Incrna_single_n_00043132
nefl loc101733442 Xetrov90029542m
rap2b pcdh8.2 hoxd1
hes1 Incrna_single_sw_00026912 cpe
Xetrov90009588m Xetrov90012981m Incrna-candidate-sw-15653
Incrna_single_sw_00237010 mett msx1
has2 bix1.1 apcs
loc101734923 ventx3.2 loc101733373
Xetrov90017989m npb foxj1
mmp28 myf5 Imx1b.2
cldn5 zswim4 cléorf52
loc101732407 Xetrov90025899m cdx4
Xetrov90014399m rspo2 faf4
Xetrov90005842m pcdh7 Xetrov90020611m
Xetrov90027388m bix1.2 fras1
Xetrov90028555m loc100488893 kenké6
Incrna_single_sw_00242363 loc100489931 loc100488066
Xetrov90029136m loc101732407 Incrna_single_sw_00180013
Incrna_single_sw_00139523 rgsl6 Incrna_single_n_00173332
Xetrov90027792m Incrna-candidate-n-6633 aldhla2
Incrna_single_sw_00087289 Xetrov90029139m loc101732886
tesc Incrna-candidate-sw-20589 Incrna_single_n_00106984
loc100485791 Xetrov90017301m Xetrov90000009m
Incrna-candidate-sw-41202 mix1 Xetrov90003151m
Incrna_single_sw_00255127 psmb2 Incrna_single_sw_00156986

Table 2.3 List of most highly correlated genes to the nodal-type, mixer-type and fgf20-type
co-regulation
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Vegt activated Vegt inhibited
admp2 angpt4
anpep arhgef3
ap5s1 arl4c
bloc1s1 bmp7.2
cd164 cdx4
cenpe cyp26al
cerl dil1
cyr61 faf20
dhrs3 faf8
dph1 foxb1
echdc2 foxd3
gtf3a foxd411.1
hcar3 fzd10
loc100145507 grhi3
loc100487915 hand2
loc100488176- hesé6.1
loc100489738 lefty
loc100490316 loc100124771
loc100496651 loc100487186
loc101731067 loc100493838
loc101734157 loc100494294
loc101735069 loc100497175
loc548390 loc100497952.2
mfsd12 mespa
mmp1 mespb
nefl p2ry2
nodal5.2 sema3f
nodal6 sox2
peytla tfap2a
rasdl upf1
rbbp7 upk2
rps6kal wnt5b
rspo2 Xetrov90000829m
rspo3 Xetrov90013953m
sfrp2 Xetrov90024231m
sucla2 zeb2
tnks-like zicl
ventx3.2
wnt11.1
Xetrov90012451m
Xetrov90013145m
Xetrov90019859m
Xetrov90028772m
Xetrov90029865m
Xetrov90030342m
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Table 2.4. Vegt direct targets identified using Vegt knock-down data and ChIP-seq.




Otx1 activated Otx1 inhibited
cass4 acrc
cyb561 chacl
eif3i dilx6
esr10 fgf20
foxal hes2
gata4 loc100496651
gatm Xetrov90026650m
kirrel2 Xetrov90030340m
loc101731753
loc101732727
loc101733122
ly6g6c
nrp2
rasd1
sgkl

Table 2.5. Otx1 direct targets identified using Otx1 knock-down data and ChIP-seq.

Vegt and Otx1 activated | Vegt and Otx1 inhibited

alkbh4
arhgap29
faf20
fst loc100488934
loc101734031

g0s2
gfptl nodal3.2
hal .1 rttn

kcnk6
loc100127584
loc100494680
loc100496394
msx1
pnhd
ptpnl3
rasd1
ror2
rpl37a
slc38a3
tll1-like.1
ventx3.1
wnt8a
znf608

abchb5
cal4
coro7

Table 2.6. Vegt and Otx1 combinatorial direct targets identified using knock-down data

and ChIP-seq.
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Chapter 3

Divergent designs and activities of endodermal cis-
regulatory regions during Xenopus zygotic gene

activation
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Abstract

Cis-regulatory modules (CRMs) are gene regulatory regions in the DNA which contain
clusters of DNA binding motifs of transcription factors (TFs). In early Xenopus
development, recent genomic advances have facilitated identification of TF binding sites,
and consequently, CRMs. [dentification of these CRMs enables critical assessment of
qualitative differences in CRM functionality. In this chapter, I describe two endodermal
CRMs showing divergent design and function: Type [ and Type II. Type I and Type II
modules contain clusters of motifs of ubiquitously expressed TFs and motifs of
endodermally-active TFs, respectively. Type [ modules are bound by Foxh1 along with
either Vegt and/or Otx1, while Type Il modules are bound by Vegt and Otx1 only prior to
ZGA. Both types of modules are active during ZGA. However, post-ZGA, Type [ modules
retain activity, likely through the function of zygotic TFs, while Type Il modules are
decommissioned. My findings suggest that TFs could bind to the genome through multiple
mechanisms within the same cellular context, and these mechanisms are dictated by cis-
regulatory motif composition seen in Type [ and Type Il modules. While further functional
experiments are necessary, my findings uncovered key qualities of these endodermal CRMs

during ZGA.
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Introduction

Maternal transcription factors (TFs) coordinate their activity during zygotic genome
activation (ZGA). In Chapter 2, I showed that in Xenopus, ubiquitously-expressed Foxh11
coordinates with the vegetally-localized Vegt?-> and Otx1° to specify the endodermal germ
layer (Fig 2.9). Foxh1, Vegt and Otx1 co-bind specific chromatin regions prior to ZGA
during early cleavage stages. Subsequently, these cis-regulatory modules (CRMs) are
marked by the general enhancer mark H3K4me1 and active enhancer marks H3K27ac and
Ep300 during early blastula stages (Fig 2.10a,c-e), corresponding to the time of ZGA. In
addition, these regions are bound by zygotic mesendodermal factors in during gastrula
stage (Fig 2.10a,b). These markings suggest that these triple bound CRMs are functional
and are active during ZGA and that the emergence of cis-regulatory regions depends on the

combinatorial binding of maternal TFs.

If TFs initiate the formation of active CRMs, then the discriminatory binding of TFs to
specific regions of the genome is critical in initializing this process. This begs the question
of how TFs select their binding sites in our in vivo system. In vitro experiments show that
the DNA binding domains of TFs have high affinity to specific short ~5-8-mer DNA patterns
called consensus binding motifs. The in vivo cellular context contains more variables that
can affect TF binding including chromatin density and epigenetic marks, in addition to
consensus binding motifs. How TFs identify their target CRMs prior to ZGA is unclear. In

this Chapter, [ show that Vegt and Otx1 preferentially select regions of the genome based
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on clusters of consensus binding motifs. Vegt and Otx1 bind to modules made up of clusters
of binding motifs, which I call, Type I and Type II. Type Il modules contain the Vegt (T-box)
and Otx1 (Otx) along with the motif of other vegetally-active TFs. Type [ modules do not
contain the Vegt and Otx1 motifs. However, it contains the motifs of ubiquitously expressed
factors including Foxh1, Sox3 and Pou5f3. Both modules are decorated with H3K27ac and
Ep300 during blastula stages, suggesting that both types are active CRMs during ZGA.
However, only Type [ modules are marked with H3K4me1 after ZGA. In addition, during
gastrula stages, Type I modules are more likely to be bound by zygotic TFs than Type II
modules. Overall, these findings identify two key cis-regulatory module designs used
during endoderm specification which show differences in motif composition, types of TF

binding and epigenetic activity.

Results

Vegt and Otx1 scan the genome for their consensus motifs flanked by other maternal

TF motifs

In order to elucidate the mode of chromatin association of the maternal and endodermal
TFs Vegt and Otx1 in vivo, I used ChIP-seq datasets from Chapter 2 (Fig 2.8).  used the
same peaks that were obtained using the irreproducible discovery rate (IDR), which
yielded high confidence and reproducible peaks and identified the genome-wide binding

sites for both TFs”. As in vitro studies highlight the significance of consensus binding motifs
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in DNA binding of TFs, I first performed my search in regions containing consensus binding
motifs. Through a combination of PCR-based binding site selection and DNA mobility shift
assays, the Xenopus Vegt has been shown to associate to the half-site T-box consensus
binding sequence8. Although the same dataset does not exist for Xenopus Otx1, the
vertebrate Otx1 orthologs in mouse® and zebrafish1? has been shown to associate with the
Bicoid-type homeobox!! motif. My previous de novo motif analysis on the Vegt and Otx1
binding peaks yielded motifs similar to those previously published with slight variations:
TAATCCCY for Otx1 and TCACACCT for Vegt (Fig 2.7). I performed a genome-wide search
for these motifs to identify possible docking sites for Vegt and Otx1 in the genome. While
there are 100,899 Otx and 58,740 T-box motifs genome-wide, only a fraction of these
motifs are occupied by their corresponding TFs, where Otx1 occupies 1,640 (1.6%), while
Vegt occupies 14,064 (23.9%) of their respective motifs (Fig 3.1a,b). As not all motifs are
associated with TF binding, this suggests that there are other variables that regulated

chromatin association of TFs.

[ looked into four possibilities: (1) epigenetic marking, (2) open chromatin, (3) CpG density
or (4) coordinated binding with other TFs. First, I was able to rule out epigenetic marking
because the enhancer marks H3K4me1, Ep300 and H3K27ac are largely deposited after
ZGA'213_Similarly, the promoter mark H3K4me3 and the polycomb repressor mark
H3K27me3 are established after ZGA as welll4. Second, [ was able to rule out the open
chromatin as well using a combination of indirect evidence. Evidence from early embryos
of Drosophilal5 and zebrafish¢ using ChIP-seq for nucleosomal histone H3 and ATAC-seq,

respectively, showed that opening of the chromatin is established after ZGA. In Xenopus,
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while the same genomic datasets are unpublished, histones have been shown to compete
with transcription factors such as TBP resulting in genome quiescencel”.18, indirectly
showing that the chromatin is closed and inaccessible during stages prior to ZGA. Third,
with regards to CpG density, as most Vegt and Otx1 binding occurs in enhancer regions
(rather than promoters), it is unlikely that CpG density affects maternal TF binding (Fig
2.8c¢). Consistently, search for CG sequences in regions near Vegt and Otx1 binding show
that these 2-mers are not enriched in Vegt and Otx1 binding (data not shown). I therefore

pursued the fourth possibility.

[ hypothesized that Vegt and Otx1 coordinate with other maternal TFs that regulated
endodermal gene expression, and that the motifs of these endodermal regulators would be
enriched near T-box and Otx motifs that are bound by Vegt and Otx1. Among the candidates
for this analysis includes Foxh11.19.20, Sox321 and Pou5f3/0ct60122, which are ubiquitously
expressed but have been shown to regulate endodermal genes. More importantly, I looked
into endodermally-active TFs including Sox72123; SmadZ2/3 as the signal transducer of the
endodermally-active Nodal signaling2425; and -catenin with Tcf/Lef as the signal
transducer of Wnt signaling 26-29. | used previously identified motifs for these TFs using
published Xenopus ChIP-seq datasets: ACAAWRYV for Sox7 and Sox339, CAGAC for

Smad?2 /31, B-catenin/Tcf/Lef3132, and ATWYRCA for Pou5f3/0ct603°. I find that the region
around T-box and Otx motifs bound by Vegt and Otx1, respectively, tend to be enriched for
motifs for other endodermally-active factors (Fig 3.1c,d). In contrast, I find that neither TF-
bound Otx or T-box motifs regions are enriched for motifs for the ubiquitously expressed

Fox and Pou motifs. This finding supports the idea that Vegt and Otx1 binding acts by
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coordinated binding with other TFs, and this mechanism is regulated by clusters of their

consensus binding motifs.

Vegt and 0Otx1 associate with two types of cis-regulatory modules

In chapter 2, I showed that Vegt and Otx1 collaborate with Foxh1 and that the Fox motif is
enriched by de novo motif analysis in the Vegt and Otx1 peaks. This is inconsistent with the
motif analysis shown above as the Fox motif is not enriched near the T-box and the Otx
motifs. This inconsistency suggests that there are multiple sets of peaks that Vegt and Otx1
associate with: the first set of peaks contain their respective motifs and the motifs of other
endodermally-active TFs (Fig 3.1c,d), while a second set of peaks contain the Fox motif. To
deconvolute the different types of peaks, I looked into subsets of Vegt and Otx1 binding. |
grouped genomic regions bound by Vegt, Otx1 and Foxh1 in four categories: bound by Vegt
+ Otx1 only, Foxh1 + Vegt only, Foxh1 + Otx1 only and Foxh1 + Vegt + Otx1 (Fig 2.9a). 1
then looked into the motifs present in each category using motifs described above allowing
for no sequence mismatches. In the category Vegt + Otx1 only, the motifs that are enriched
are those of the endodermally-active TFs (Fig 3.2a). However, the Pou and Fox motifs are
not enriched in this category, consistent with the previous finding. Alternatively, the
categories of Foxh1 + Vegt only, Foxh1 + Otx1 only and Foxh1 + Vegt + Otx1 all showed
similar motif composition. These regions are enriched for Fox, Pou and Sox motifs, but not
T-box, Otx, Smad or Tcf/Lef (Fig 3.2a). These regions appear to be the alternative set of

peaks that Vegt and Otx1 associate with that contains the Fox motif.
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As consensus binding motifs are important components of TF binding in vitro, I found it
surprising that these Vegt and Otx1 binding regions do not contain their respective motifs.
Since I used a stringent criterion whereby I only use perfect matches for the T-box and Otx
motifs, [ considered the possibility of wobbly motifs, and allowed for 1-base mismatch
during my motif search. With this analysis, the category Vegt + Otx1 are still enriched for T-
box and Otx motifs while the categories Foxh1 + Vegt only, Foxh1 + Otx1 only and Foxh1 +
Vegt+0tx1 are not (Fig 3.2b). Overall, my motif analyses suggest that Vegt and Otx1 interact
with two distinct designs of cis-regulatory modules based on motif composition (Fig 3.2c).
Type I modules are enriched for Fox and Pou motifs (motifs of ubiquitous TFs); while Type
Il modules are enriched for T-box, Otx, Smad2/3 and Tcf/Lef motifs (motifs of
endodermally-active TFs); and both module designs are enriched for the Sox motif (either

Sox3 or Sox7).

Type I and Type Il modules are active during ZGA

In Chapter 2, [ showed that the Foxh1 + Vegt + Otx1 triple bound regions are likely active
enhancers as they are decorated with enhancer marks during ZGA and are bound by
zygotic TFs at later stages (Fig 2.10). This finding indicates that at least a subset of Type |
modules are active. [ therefore asked whether other Type [ modules (Foxh1 + Vegt only,
and Foxh1 + Otx1 only) and Type Il modules are active as well, and whether active

chromatin marks H3K27ac and Ep300 decorate both module types. Previous studies
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showed that at the whole genome level, the H3K27ac mark consistently increased from
pre-ZGA (stage 8) through post-ZGA (stage 9 and 10)'2. In Type I and Type Il modules, this
mark is present at stage 8 prior to ZGA, and increases in signal at stage 9 (Fig 3.3a). In
contrast to the whole genome analysis, the mark decreases from stage 9 to 10, and is even
absent in the Type Il modules at this later stage. Similarly, both module types are decorated
with Ep300 marks in the late blastula and early gastrula stages (stage 9 and 10), and the
signal decreases in strength in late gastrula (Stage 12) (Fig 3.3b). This finding suggests that
both Type I and Type Il modules are active during the early stages of development

surrounding ZGA.

Type I but not Type Il modules are active post-ZGA

To further support my findings, I looked into the general enhancer mark H3K4me1 as well.
In both module types H3K4me1 is absent prior to ZGA (stage 8) (Fig 3.4a). This finding is
unsurprising as previous publications and my own findings (Fig 2.10e) have shown that
H3K4mel is established in enhancers after ZGA1213.30. However, what is surprising is that
this mark is present only in Type [ modules, but not Type Il modules. The signal in Type II
modules is not only absent, but also shows a characteristic dip suggesting that H3K4me1 is
specifically prevented from Type Il modules. In contrast, the H3K4me1 signal in Type I

modules persists through neurula stages (stage 16).

Similarly, a survey of zygotic TF binding suggests that Type [ modules are more likely to be
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used as zygotic cis-regulatory regions than Type Il modules. The zygotically-active
mesendodermal genes Smad2 /31, Foxa3?, Gsc33, Otx233 and Ctnnb1/p-catenin3! at early
gastrula stage 10 tend to bind to Type I over Type Il modules (Fig 3.4b). The preference is
particularly strong in Type [ modules that were triple bound by all three maternal TFs.
Interestingly, the binding of SmadZ2/3, Gsc and Otx2 shows a characteristic dip in Type II
modules similar to H3K4me1 signal in these regions, suggesting that these TFs are
prevented from binding to these modules. At late gastrula (stage 12), the T-box
transcription factors Eomes, Tbxt/Brachyury and zygotic Vegt34 preferentially bind Type I
over Type Il modules (Fig 3.4c). The H3K4me1 marking and zygotic TF binding suggest that

Type I module activity persists after ZGA, while Type Il modules are decommissioned.

Discussion

In this chapter, | analyzed our previous ChIP-seq datasets of maternal TFs Foxh1, Vegt and
Otx1 using a cis-regulatory module-centric approach. In the early embryo, endoderm
specifiers Vegt and Otx1 associate with two different types of modules. Type [ modules
contain motifs for ubiquitously expressed factors including the Fox motif and is bound by
Vegt and Otx1 likely through association with Foxh1, while Type Il modules can be bound
by Vegt and Otx1 directly through their respective motifs, which are flanked by motifs of
other endodermally-active TFs (Fig 3.2). Functionally, both types of modules appear to be
active during ZGA, as both are decorated by H3K27ac and Ep300 particularly in

developmental stages surrounding ZGA (Fig 3.3). However, after ZGA, Type I but not Type
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Il modules are marked by the general enhancer mark H3K4me1 suggesting that Type I
modules maintain activity through later embryonic development, while Type Il modules
are decommissioned (Fig 3.4). Overall, this chapter elucidates a previously unknown
connection between regulatory module design, TF binding, and temporally-resolved
functionality of enhancers based on epigenetic marking during in vivo endoderm formation.
While correlative, these findings provide a useful view of enhancer activity during early

vertebrate embryogenesis.

Modes of transcription factor association to the genome

[ set out to identify the mechanistic nature of TF binding in vivo. In the case of the
endoderm specifying maternal factors Vegt and Otx1, [ identified two distinct mechanisms
that are co-occurring prior to zygotic genome activation. First, in Type Il modules, Vegt and
Otx1 associate with the chromatin containing their respective motifs, which are flanked by
motifs of other endodermally-active TFs. This configuration suggests that Vegt and Otx1
associate with Type Il modules through coordinated binding with other endodermally-
active TFs. Alternatively, while the T-box and Otx motifs are not present in Type [ modules,
the motifs of ubiquitously expressed maternal TFs are clustered in these modules, which
includes the motifs of Foxh1 and Pou5f3/0ct60. Rather than direct binding through their
respective motifs, Vegt and Otx1 could associate with this chromatin through recruitment
by other factors bound in this Type [ module. In fact, when I knocked-down Foxh1 and

tested for Vegt and Otx1 binding by ChIP-qPCR, I find less association of Vegt and Otx1 to
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Type I modules (Fig 2.9d). This suggests a Foxh1 requirement for association to these

modules.

The second mechanism has similarities with the pioneering role of the TF Zelda during

the Drosophila ZGA. In Zelda mutants, the chromatin binding of lineage-specific factors such
as Dorsal3> (germ layer formation) and Bicoid3® (anterior-posterior patterning) show loss
of chromatin association in regions where Zelda co-binds with these factors. However, not
all binding is affected; and ~40% of Bicoid binding and ~60% of Dorsal binding are
maintained in Zelda mutants. This suggests that there exist alternative mechanism of
Bicoid and Dorsal chromatin association and that the pioneering function of Zelda is
insufficient to explain Bicoid and Dorsal binding. Possibly, these mechanisms could involve

coordinated binding with other lineage-specific factors as I have seen with Vegt and Otx1.

Birth and death of enhancers

In Chapter 2 and Chapter 3, I explored the sequence of events leading to an active
enhancer. My findings, along with previous publications, all converge on the idea that the
emergence of active enhancers leading up to ZGA is initiated by maternal TF binding to the
chromatin3937. Particularly, the combinatorial docking of maternal TFs is an important
component of establishing these enhancers. These enhancers are then are decorated with
active enhancer marks such as H3K27ac and Ep300. This suggests that epigenetic marks

are a consequence of TF binding and that TFs recruit writers of epigenetic marks. While
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data regarding this mechanism is sparse, Ctnnb1/f-catenin can directly interact with the
methyltransferase Prmt237. Prmt2 then deposits H3R8 dimethyl marks resulting in the
activation of genes such as sial and nodal3. My findings suggest that since Foxh1, Vegt and
Otx1 bind to regions that are later enriched with H3K4me1 and H3K27ac, these maternal
TFs could interact with methyltransferases and acetyltransferases to deposit these marks.
As our genomics approach is limited in that it only provides correlative data, protein-
protein interactions using co-immunoprecipitation and mass spectrometry could be used

to provide data for mechanistic models of TF and epigenetic writer recruitment.

As genes are temporally regulated, it should be unsurprising that cis-regulatory regions are
only active at specific windows of time in development. In the case of endoderm
development, Type [ and Type Il modules appear to have different life spans. While both
are established by maternal TFs during cleavage stages, generally, Type I modules persist
in activity at least throughout neurula stages, while Type Il modules are decommissioned
after ZGA. The process of enhancer decommissioning was initially described in mouse
embryonic stem cells, whereby enhancers of active genes that are required for
pluripotency are demethylated at H3K4/H3K9 by LSD1 during trophectoderm
differentiation38. As Type Il modules show a characteristic dip in the H3K4me1 marks after
ZGA, possibly, a homologous gene to the mouse LSD1 is involved with Type Il modules in
regulating endodermal genes. Indeed, many lysine-specific demethylases are maternally-
expressed in X. tropicalis embryos including the orthologous kdm1a and kdm1b3°. Other
lysine-specific demethylases, which are specific to lysine 4 of histone H3 that are

maternally expressed include kdm5a, kdm5b and kdm5c. Interaction of maternal Vegt or
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Otx1 with one of these proteins presents an attractive hypothesis in decommissioning Type

II modules.

Materials and Methods

Genome-wide identification of the location of consensus binding motifs: Position
weight matrices were generated for the T-box [TCACACCT], Otx [TAATCCCY], Sox
[ACAAWRYV], Smad2/3 [CAGAC], Tcf/Lef [CTTTGAW], Fox [AATHMACA] and Pou
[ATWYRCA] motifs using Homer v4.740 using the function seqZprofile.pl. The Homer v4.740
function scanMotifGenomeWide.pl was used to identify genomic location inputting the
previously generated position weight matrices. This function creates a BED file containing
motif locations. Heatmap of motif signals: A BED file which contains peak regions
identified as Type I and Type Il modules were expanded such that the peak summits are
located at the center with 2500 bases flanking both the 5’ and 3’ regions of the summit
using UNIX. Using the Bedtools v2.19.141 function coverageBed, the BED file containing the
motif locations were overlaid to the BED file containing the Type I and Type Il module
locations. The output of coverageBed was then pre-processed into matrix form, and plotted

in R v3.1.1042 using the heatmap function as seen in Fig 3.1.

Lineplot of motif signals and epigenetic signals: The ChIP signal of histone
modifications, Ep300 and zygotic TFs near Vegt, Otx1 and Foxh1 peaks were generated as

follows. Datasets were downloaded from NCBI GEO using the accession numbers:
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GSE85273 for RNA polymerase Il and stage 10 Foxa3?%; GSE67974 for H3K4me1l and
Ep30013; GSE56000 for H3K4me1l and H3K27ac!?; GSE72657 for stage 10 Ctnnb1/f3-
catenin3!; GSE48663 for stage 12 Vegt, Eomes and Tbxt/Brachyury34; and GSE53654 for
stage 10 Smad2/31. The stage 10 Gsc and Otx2 ChIP-seq were obtained from the DDB]J
Sequence Read Archive using the accession numbers DRA000508, DRA000510,
DRA000576 and DRA00057733. Reads for these ChIP-seq datasets were aligned to the X.
tropicalis genome v9.04344 using Bowtie v2.2.74> with default options. Using Samtools
v0.1.1946, aligned reads in SAM format were converted to BAM format (samtools view -
bS) and duplicates were removed (samtools rmdup). Bedtools v2.19.141 was used to
convert BAM files to BED format and finally the IGV v2.3.247 igvtools function sort (default
options) was used to generate sorted BED files. Using the Bedtools v2.19.141

function coverageBed, the BED file containing the motif location (see above) and ChIP-seq
signal were overlaid to the BED file containing the peak locations with 2500 bases flanking
of Type I and Type Il modules. The output of coverageBed was then pre-processed into
matrix form, the plot function in R v3.1.1042 was used to generate lineplots of the average

signal across each column, as seen in Fig 3.2 and Fig 3.4.

89



Chapter 3 Figures and Tables
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Figure 3.1. Vegt and Otx1 bind to clusters of DNA binding motifs of endodermally-active
transcription factors. Percent of genome-wide T-box and Otx motifs bound by Vegt (a) and
Otx1 (b), respectively. Genome-wide analysis of T-box (c) and Otx (d) motifs that are either
bound or unbound by their respective TFs to identify enrichment of endodermal or
permissive motifs. Motifs used for analysis: T-box [TCACACCT], Otx [TAATCCCY], Sox
[ACAAWRYV], Smad2/3 [CAGAC], Tcf/Lef [CTTTGAW], Fox [AATHMACA] and Pou
[ATWYRCA].
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Figure 3.2. Vegt and Otx1 bind to type I and type Il regulatory modules. (a) Motif
composition allowing for 0 mismatches from canonical sequences of regions bound by
different combinations of Foxh1, Vegt and Otx1 binding. (b) Wobbly Otx and T-box motifs
in the same regions allowing for 1 mismatch from the canonical motif sequences. (C) Model
of Vegt and Otx1 association with the type I and type Il modules which contain different set

of motifs.
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Figure 3.3. Modules I and Il are marked as active enhancers during ZGA. Active enhancer
signals H3K27ac (a) and p300 (b) are present in both modules I and Il around ZGA.
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Figure 3.4. Type I modules are associated with active enhancer activity post-ZGA. (a) ChIP-
seq signal of the enhancer mark H3K4mel. Zygotic transcription factor binding of
mesendodermal genes SmadZ2/3, Foxa, Gsc, Otx2 and Beta-catenin at early gastrula stage 10
(b) and mesodermal genes Eomes, Tbxt/Brachyury and Vegt at late gastrula at stage 12 (c).
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Chapter 4
A gene regulatory program controlling
early Xenopus mesendoderm formation: Network

conservation and motifs
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Abstract

Germ layer formation is among the earliest differentiation events in metazoan embryos. In
triploblasts, three germ layers are formed, among which the endoderm gives rise to the
epithelial lining of the gut tube and associated organs including the liver, pancreas and
lungs. In frogs (Xenopus), where early germ layer formation has been studied extensively,
the process of endoderm specification involves the interplay of dozens of transcription
factors. Here, we review the interactions between these factors, summarized in a
transcriptional gene regulatory network (GRN). We highlight regulatory connections
conserved between frog, fish, mouse, and human endodermal lineages. Especially
prominent is the conserved role and regulatory targets of the Nodal signaling pathway and
the T-box transcription factors, Vegt and Eomes. Additionally, we highlight network

topologies and motifs, and speculate on their possible roles in development.
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1. Vertebrate mesendoderm formation

During early embryogenesis, cell fate specification proceeds through the combinatorial
interactions of several signaling pathways and numerous transcription factors (TFs), which
function within a broader chromatin landscape. The integration of these factors (“inputs”)
leads to a specific transcriptome profile (“outputs”) that determines the identity of a
particular cell. Critical genomic regions for this integration are cis-regulatory

modules (CRMs) - combinations of regulatory elements, such as enhancers, where TFs
bind to specific sequence motifs and recruit the necessary co-factors [1]. CRMs are critical
for the proper implementation of gene regulatory programs in development, because they
modulate the rate of gene transcription, and control when a gene is turned “on” or “off” in
both time and space. These complex programs can be organized into gene regulatory
networks (GRNs) and visualized through logic maps [2], [3]. Elucidating GRNs will enhance
our mechanistic understanding of developmental processes, and will enable comparisons
across different organ systems, and across different species. These insights will also

enhance our understanding of the causes of developmental defects.

Germ layer specification is one of the earliest developmental events in metazoan
organisms, preceding the establishment of the organ and tissue primordia that form the
complex adult organism. Cells of the three primary germ layers — the ectoderm, mesoderm,
and endoderm - become further specified along distinct lineages. Ectodermal cells form the
epidermis and nervous system; mesodermal cells become blood, muscle,

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

99



gastrointestinal and respiratory tracts. In amphibian development, the germ layers form
along the animal to vegetal axis, which is established during oogenesis. The ectoderm
develops from the animal region, while the endoderm arises from the opposite, vegetal
pole. The mesoderm forms from the equatorial cells. During early stages, there is overlap
between endodermal and mesodermal domains - and therefore it is common to refer to
these jointly as the “mesendoderm.” Two major advantages of the Xenopus system are the
ease of obtaining thousands of synchronously developing embryos from a single clutch of
eggs, and the ease of performing both gain- and loss-of-function studies to ascertain gene
function. These advantages, combined with the relatively close evolutionary distance
between Xenopus and other vertebrates, makes Xenopus a powerful model for elucidating

the mechanisms underlying cell fate specification.

A comprehension of the complex GRN architecture that contributes to the specification of
the germ layers in vivo is a critical unanswered question in developmental and
evolutionary biology. Since germ layer formation, like most biological processes, is
controlled by a hierarchy of regulatory steps, examining the earliest inputs in the
regulation of germ layer development is important. This is underscored by the realization
that germ layer specification is not programmed by molecules acting in a linear fashion, but
instead is controlled by a set of TFs acting in a complex network. In addition, the study of
the GRN controlling amphibian germ layer specification will enable powerful comparisons
across different developmental systems, and across evolutionary taxa, to identify core,
conserved, GRN structures, as well as subnetworks that were modified during evolution.

Beyond animal development, numerous human congenital diseases result from abnormal
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formation of the mesoderm and endoderm [4], [5]. Furthermore, recent advances in
regenerative medicine and stem cell biology bring the promise of a new era of personalized
medicine, aided by highly efficient in vitro differentiation techniques [5]. These goals can be
significantly aided by a strong understanding of complex in vivo cellular

differentiation programs, namely “GRN science.”

A little over a decade ago, efforts were made to compile the available molecular data into
GRNs describing Xenopus mesendoderm [6] and Spemann organizer [7] development. Since
then, the widespread use of high-throughput technologies (e.g. microarrays, sequencing)
provides us with the capacity to significantly broaden the number of network connections
and, therefore, our understanding of the structure of the mesendoderm GRN. For this
review, we have utilized recent findings to update the Xenopus mesendoderm GRN from
fertilization through the beginning of gastrulation, linking together critical signaling
pathways with transcriptional targets. We discuss the network structure and its motifs, and

review areas of conservation across vertebrates.

2. Generation of the mesendoderm gene regulatory network

2.1. Mesendoderm factors

We have assembled a Xenopus mesendoderm GRN that reflects data obtained from

both Xenopus laevis and the closely related diploid species Xenopus tropicalis. Each species

greatly contributes to the GRN assembly, as X. laevis has been traditionally used in the
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study of mesendoderm formation, while X. tropicalis has been adapted more recently for
genomic approaches. The “inputs” in this GRN represent the TFs and signaling molecules
(transduced via intracellular TFs) important for mesendoderm formation and

early endoderm patterning, many of which have been elucidated [8], [9]. Recently, genome-
wide approaches have identified additional localized maternal and zygotic transcripts
encoding TFs [10], [11], [12], [13], [14], [15], [16]. Based on a comprehensive catalogue
of X. tropicalis TFs [14], 130 TFs are found to be enriched vegetally (in comparison to the
animal pole), and we have focused on the ~50 TFs expressed at relatively high abundance
in the vegetal tissue (Transcripts Per Million values = 50). This corresponds approximately

to the expression level of siamois1 - a critical and localized mesendoderm TF.

2.2. Criteria for identifying transcriptional targets

In order to build the mesendoderm GRN, we have taken the following rigorous approach to
determine direct connections between the above TF “inputs” and their downstream target
genes [17]. This approach is similar to that previously taken by both Koide et al. [7] and
Loose and Patient [6]. First, we enforced that there should be a strong correlation between
perturbation of a regulatory TF and the expression changes of the suspected target genes.
Regulation can be measured following gain- and/or loss-of-function experiments (e.g.,
injection of RNA encoding a TF, or a translation blocking

antisense morpholino oligonucleotide, respectively) by analyzing changes in target RNA

expression (e.g.,, RNA-seq, RT-PCR, northern blotting, in situ hybridization).
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Second, we required that the ‘inputs’ and ‘outputs’ be expressed in a spatiotemporal
manner consistent with regulation and the proposed direction (activation or repression).
For a proposed activating (“positive”) connection, the upstream TF and proposed target
gene must be expressed in the same or overlapping regions, and during overlapping
developmental time. Conversely, a proposed inhibitory (“negative”) connection should find
the target excluded from the spatiotemporal domain of the repressor. However, we note
the possibility of finding some exceptions to this rule based on the known biological
properties of TFs, and these knowledge-based connections were also included in the
network. One example includes a negative autoregulatory feedback loop by gsc[18], where

the gene modulates its own expression.

Third, we required demonstration of a direct physical interaction between the TF and

the regulatory region of the proposed target. As perturbation experiments alone are
insufficient to distinguish between direct and indirect connections, we find this criterion
essential. This criterion was satisfied experimentally through chromatin
immunoprecipitation (ChIP), gel electromobility shift assay (EMSA), DNAse footprinting,
or reporter gene assays (containing appropriate mutations). Only connections that satisfied
all three criteria were defined as direct. However, we note that DNA binding is only
suggestive of functional regulation, and that the ‘gold standard’ evidence is to mutate

the binding site and examine the effect on gene expression. While the rise in the use

of ChIP-seq - ChIP coupled with high-throughput sequencing (HTS) - has produced large
datasets of physical connections, the vast majority of these sites have not been subjected to

laborious mutagenesis assays. In building the network, we therefore distinguished between
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functionally validated CRMs and physical interactions lacking this support. Finally, we have
also looked to experiments in which protein synthesis is inhibited (e.g. cycloheximide) as a
way to determine “directness.” Regulatory connections proposed based on perturbation

analyses that were validated in the presence of cycloheximide, although lacking in physical

binding evidence, were identified as “putative direct” targets.

2.3. Building network connections

To assemble the updated network, we have analyzed hundreds of manuscripts published
over the approximately 25 year history of the investigation into the molecular basis

of Xenopus mesendoderm formation. Building upon the networks presented by Koide et

al. [7] and Loose and Patient [6] over a decade ago, we have made extensive use of recently
published HTS data using X. tropicalis in multiple aspects. First, RNA-

seq transcriptome profiling studies have revealed, in great detail, the timing of gene
activation [19], [20], [21], [22]. These data have allowed us to incorporate, to a greater
extent, temporal information into the graphical organization of our network. Additionally,
HTS data has revealed vegetally enriched transcripts [14], [15], [16], which can be difficult

to visualize by whole mount in situ hybridization.

Second, perturbation experiments, coupled with HTS or microarrays, have provided a
wealth of regulatory connections, and ChIP-seq allows for the considerable improvement in
the identification of direct target genes in vivo. Genome-wide binding of 3-

catenin [23], [24], T-box TFs [25], Smad2/3 [26], [27], Foxh1 [26], and several organizer-
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specific TFs [28]have all been investigated in X. tropicalis. Due to differences in data
formatting across publications, we have mapped all available ChIP-seq datasets performed
from blastula to early gastrula (Supplemental Table S1) to the version 9 Xenopus

tropicalis genome (www.xenbase.org) using Bowtie2 [29], and identified peaks using the
software MACS2 [30]. We then used Bedtools [31] to associate ChIP-seq peaks with TFs in
our network, where peaks were filtered using a gq-value of 0.01 and a peak distance of 10

kilobases (kb) from the gene body.

Using the criteria described above (Section 2.2), we present a model of the GRN
contributing to Xenopus mesendoderm development from fertilization through early
gastrula (Nieuwkoop-Faber stage 10.5) (Fig. 4.1). In total, this network includes 35 TFs and
12 growth factors. As we have focused on direct transcriptional responses, we have not
included well-characterized secreted signaling antagonists such as chrd, nog or dkk1 in this
network. However, we have chosen to include connections into the multi-signaling
antagonist cerl, as the regulation of this gene has been extensively characterized [32], [33].
We present a summary of these connections and selected supporting evidence in Table 4.1,
and in Supplemental Table S2 which includes the full evidence list and additional
connections between mesendodermal genes that did not satisfy our criteria. Thus, the
directness of these additional connections is uncertain, and this represents an area of

future investigation.
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2.4. Organization of the network diagram

Using Biotapestry [34], we have built the GRN as a single bird’s-eye view from the full
genome [2] (Fig. 4.1). In this visualization, all connections are displayed at once, regardless
of time and space. We have made an effort to arrange the genes vertically based on
approximate activation time [22], and horizontally from right to left across the dorsal to
ventral axis [14]. At the top of the network, maternally inherited TFs (e.g., Vegt, Foxh1) and
signaling ligands (e.g., Gdf1, Wnt11b) are shown. All targets of signaling pathways are
connected through chevrons indicating cell-surface receptors to their intracellular signal
transducers. Zygotically activated growth factor ligands (i.e. Nodals, Bmp4) are connected
back through the same signal transducer, so that all connections from a given pathway feed
through a single TF node (e.g. Smad2/3). An exception is the Wnt signal transducer Ctnnb1
(B-catenin), which has been displayed twice for purposes of distinguishing between targets
of the Wnt11b and Wnt8a ligands. Where the usage of a particular Wnt ligand is unknown,

we display a merged path.

We have compared the connections in this network with two previous GRNs [6], [7] and
find that a major improvement in the current network is the identification of more bone-
fide direct transcriptional connections between TFs (Supplemental Table S3). The current
network contains a total of 104 direct network connections - 91 positive and 13 negative.
Direct connections are displayed in the GRN as a solid line connecting the upstream TF to
its downstream target. We also identify 25 putative direct interactions, which are displayed

as dashed lines. Comparatively, Koide et al. [7] and Loose and Patient [6] previously
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reported a total of 41 and 60 direct network connections, respectively. Based on differing
criteria from the current analysis, some of the direct connections identified by Loose and
Patient [6] were here considered putative. Below, we review key features of the

mesendoderm network.

3. Maternal factors and the initiation of the network

3.1. Vegetally-localized maternal transcription factors: Vegt and Sox7

Maternal factors play a critical role in the activation of the mesendoderm GRN. The best
characterized TF important for the initiation of the Xenopus zygotic mesendoderm gene
program is the T-box factor Vegt, which is asymmetrically localized

vegetally [35], [36], [37]. The maternal knockdown of vegt in Xenopus laevis results in the
loss of both mesoderm and endoderm [38], [39]. Several studies have revealed Vegt to be a
master regulator of the endoderm lineage through transcriptional regulation along two
parallel routes: the zygotic activation of the Nodal genes, and activation of endodermal

TFs [38], [39], [40], [41]. Importantly, the Vegt loss-of-function phenotype can be rescued
by the injection of RNA encoding various Nodal ligands, indicating that a critical function of
Vegt is the zygotic activation of the Nodal signaling pathway [41]. Consistent with

this, nodall, nodal5 and gdf3 (derriere) are direct targets of Vegt, and nodal is putatively
direct based on protein synthesis inhibition. The expression of nodal6 and nodal2 are also

regulated by Vegt, but it remains unclear whether these activations are direct.
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In addition to regulating the pSmad2/3 signaling pathway, Vegt is important for the direct
activation of core mesendodermal genes. TFs sox17a, sox7, and gsc are bona-fide Vegt
direct targets; and sox17b, mixer, mix1, hhex, and ventx1 are additional putative direct
targets. The cerl gene, encoding a secreted Bmp/Wnt/Nodal antagonist [42], is also a
direct target. At present, we have very little data to fully understand how these targets

interact to establish the mesendoderm GRN.

In zebrafish and human, it appears that the T-box transcription factor Eomes plays a role
similar to frog maternal Vegt in the activation of the endodermal gene regulatory program.
Interestingly, functional studies of Xenopus Eomes add further support to the notion that
this TF can perform an overlapping role with Vegt in specifying early mesendoderm. Eomes
gain-of-function in naive animal caps results in expression of the mesendodermal

genes mix1, t/bra, wnt8, sox17a, foxa4, and gsc[43], [44]. Furthermore, zygotic Vegt and
Eomes cooperate in mesoderm formation in the late-gastrula embryo [25]. In zebrafish,
perturbation analysis reveals that Eomesa is required for the activation of sox17, as well as
the two nodal ligands squint and cyclops[45]. ChIP analyses confirm that Eomesa physically
binds to the squint locus [46], [47]. Eomesa also binds regulatory regions near sox17, and

additional binding was observed for mixl1, foxa, foxa3, vent, and gsc[46].

EOMES ChIP-seq and shRNA knockdown, in combination with microarray analysis, during
the in vitro differentiation of human embryonic stem (ES) cells to definitive endoderm (DE)
reveals that human Eomes regulates a similar set of target genes as Xenopus Vegt [48]. The

genes MIXL1, GDF3, CER1, SOX17, FOXA1, FOXA2, FOXA3, and VENTX are likely direct human
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Eomes targets based on the application of our criteria. Finally, the NODAL gene -

in Xenopus, direct Vegt targets — appears to have a regulatory region associated with Eomes
binding, but is unaffected by the knockdown [48]. Overall, the Vegt T-box transcription
factor has a highly evolutionarily conserved relationship with Eomes orthologs in some
other species, sitting at the top of the gene regulatory hierarchy to function as a master

regulator of endoderm formation.

In Xenopus, Sox7, a maternal SoxF type TF, has been implicated in the activation of
mesendoderm targets. Overexpression of Sox7 mRNA in naive animal caps reveals

that nodal, nodal5, and nodal6 are putative direct target genes [49]. Since Vegt also
putatively activates zygotic sox7expression [49], this indicates that the nodal genes are
likely co-regulated by maternal Vegt and both maternal and zygotic Sox7. This network
structure illustrates the importance of understanding gene regulation as a network, instead
of activation mechanisms at the single gene/activator level. We also note that

recent transcriptome profiling of blastomeres from 8-cell stage embryos identified 65
genes reproducibly enriched in the vegetal pole [12]. Among these, the TFs

otx1, pbx1, sox7 and vegt are highly enriched in the Xenopus vegetal tissue, most of them

with poorly characterized roles in endoderm formation.

3.2. Nodal signaling and maternal Foxh1

[t is clear that, in addition to directly activating endodermal TFs, a major function of Vegt is

to activate expression of the nodal genes. The loss of Nodal signaling in Xenopus results in
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the disruption of endoderm and mesoderm formation and a severe delay or complete
disruption of gastrulation movements [26], [50], [51], [52], [53], [54]- These findings are
consistent with an analysis of Nodal-deficient zebrafish embryos (sqt;cycdouble mutants)
where mesodermal and endodermal markers are not expressed and gastrulation is
abnormal [55]. Mice have a single Nodal gene, and Nodal-null embryos fail to form

a primitive streak and do not undergo proper gastrulation [56]. Taken together, Nodal

signaling is necessary for mesendoderm development in vertebrates.

How this pathway functions in the early formation of the mesendoderm has been the focus
of intense study. The maternal TGFf ligand Gdf1 (also known as Vg1) is localized to the
vegetal cells [57], and likely plays a role in anterior mesendoderm formation [58];
however, the endogenous role of Gdf1 has remained understudied, in part due to the
inefficient conversion of the ligand precursor into its mature form [59]. Importantly,
expression of nodal5 and nodal6 prior to the mid-blastula transition indicate that these
ligands contribute to the earliest activation of the Nodal signaling pathway [60], [61], and
the early onset of gdf3 suggests that it also contributes to pathway activation. The Nodal
signaling cascade activates transcription in the blastula through phospho-Smad2/3 (in
complex with the maternal partner to all R-Smad signaling, Smad4). Overall, the vegetal
localization of Nodals and Gdf1 is consistent with the model in which high levels of Nodal
promote endoderm and low levels promote mesoderm, which has been observed

in Xenopus explant experiments [40].

110



As it is difficult to distinguish between the output of different Nodal and TGFf3 ligands, we
have therefore fed all 7 ligands through a single Smad2/3 node. The mesendoderm GRN
presented here contains 25 direct targets activated by Nodal signaling (Fig. 4.1). These
targets include genes encoding core endoderm TFs such as gata4, gata6, mix1, mixer,

and foxa4, dorsal endoderm genes such as hhex and cer1, the organizer gene gsc, and the
pan-mesodermal gene t (also known as brachyury), among others. These targets validate
the notion that Nodal signaling contributes broadly in gene activation in the mesoderm and
endoderm germ layers. Additionally, positive autoregulation of nodall and nodalZpromotes

further enhanced expression of the signal [62].

The activated Smad2/3-Smad4 complex regulates target genes in concert with co-TFs, and
to date, identified Smad2/3 co-factors include Foxh1, Eomes, Foxh1.2, Gtf2i, Gtf2ird1,
Mixer, Tcf3 (also known as E2a) and Tp53 [48], [63], [64], [65], [66], [67], [68], [69], [70],
[71]. Of these, the transcriptional regulation via Smad2/3 interactions with maternal Foxh1
has been extensively investigated in Xenopus[26], [66], [72], zebrafish [70], [73], [74],
mouse [75], [76], and differentiated human ES cells [71]. Our Xenopus GRN contains direct
targets activated via Smad/Foxh1, including the growth factors, nodall, nodal2, and wnt8a;
the BMP/Wnt/Nodal antagonist cer1; and the TFs gsc, otx2, mix1, hhex, lhx1, sebox,

and pitx2. Among these, to date, gsc and pitx2 regulation via Foxh1/Smad2 is conserved
across mouse, fish and frog [62], [77]. Finally, in human definitive endoderm

differentiation CER1, PITX2, GSC, and MIXL1 are also induced by FOXH1/SMAD?2 [78].
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It has been well-characterized in mouse, fish and frog that the loss of Foxh1 does not fully
recapitulate the loss of Nodal signaling — indicating the necessity for additional Smad2/3
binding partners. To this extent, in zebrafish, Eomes has been implicated as the Smad2/3
co-factor responsible for the remaining Nodal-mediated regulation that occurred in

the Foxh1-null [70]. Our network suggests gata4, gata6, eomes, and foxaZ are also regulated
by Nodal-signaling via a Foxh1-independent mechanism. It will be necessary to investigate

whether Eomes, and perhaps Mixer, regulate these targets in a Foxh1-indepenent fashion.

3.3. Wnt/[-catenin signaling

In addition to germ layer specification along the animal-vegetal axis, Nodal signaling is
critical in patterning the embryo along the dorsal-ventral axis. While vegt mRNA appears to
be uniformly distributed across the vegetal tissue, Nodal signaling is higher in the dorsal
mesendoderm of the Xenopus blastula [52], [79]. This pattern is attributed to high levels of
Wnt/[-catenin signaling on the dorsal side of the embryo. While a detailed discussion of
dorsal-ventral patterning of mesendoderm is beyond the scope of this review, it is useful to
discuss in brief the role of maternal Wnt/(-catenin signaling. Maternal wnt11b is localized
to the vegetal pole in the egg, relocated to the dorsal vegetal cells following cortical
rotation, and activates a Wnt signaling pathway to specify dorsal fate [80], [81], [82].
Dorsal nuclear (-catenin directly regulates sial and siaZ, two homeobox genes that control
dorso-anterior specification [83], [84], and many other genes, via the canonical Wnt
cascade feeding through (-catenin-Lef/Tcf complexes. Maternal Wnt/[3-catenin signaling

also activates the expression of all Nodal genes in the dorsal mesendoderm, in particular
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the early activation of nodal5 and nodal6[61], [85]. Both Nodal and Wnt signaling are
critical for the formation of the Nieuwkoop center and Spemann organizer [84], [86], [87],
and the network reveals substantial overlap in the regulation of dorsal mesendoderm
target genes such as hhex, lhx1, otx2, cer1 and gsc. Consistent with this crosstalk model,
there is a substantial co-occurrence between Foxh1 (a major Smad2/3 co-factor) and (-
catenin ChIP-seq peaks [24], [26]. It should be noted that recent 3-catenin ChIP-seq
performed by Nakamura et al. [24]reveals 3-catenin binding associated with target genes
previously thought to be indirectly regulated by Wnt/B-catenin via Sia, such

as hhex and gsc[84], [166]. While the biological activities of these putative enhancers
remain to be validated, this finding suggests that dorsal mesendoderm targets are
regulated through complex network motifs (see Section 5). Taken together, the
mesendoderm GRN is highly controlled by maternal Vegt, and the signaling inputs from
Nodal and Wnt signaling pathways, the activation of which coincide with the onset of

zygotic gene transcription.

4. Core zygotic mesendoderm transcription factors

A number of zygotic TFs have been identified as critical for the formation of the

mesendoderm. Here, we discuss the roles of the Mix family, Gata4/5/6, Foxa and Sox17.
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4.1. Mix family

The critical role of the Mix family TFs in mesendoderm development has been investigated
across numerous model systems [88]. In the two Xenopus species, the single mammalian
gene encoding Mix-like 1 (Mixl1) is represented by mix1, mixer, and species-specific

expansions and losses of genes referred to as bix[89].

In our network, we have examined connections into and from mix1 and mixer based on
integrated data from X. laevis and X. tropicalis. Of these, mix1 is the earliest to be activated
at the mid-blastula transition via direct regulation by Smad/Foxh1, and putative regulation
by Vegt. To date, evidence also supports the direct activation of gsc and cer1, and the
repression of t by Mix1. This network supports the notion that Mix1 is critical for the
activation of dorsoanterior mesendoderm, and the exclusion of t from the dorsal
organizer [90], [91], [92]. This places Mix1 at the top of a negative feed-forward loop,
together with Gsc [93], which also represses t expression (see Section 5.2). This loop may
be conserved in mammals, as differentiating MixI1-null mouse ES cells reveal a down-
regulation of Gsc and an up-regulation of T[94]. It is conceivable that Mixer — which also
directly activates Gsc - functions in a similar capacity to repress ventrolateral mesoderm.
Supporting this, Mixer deficient Xenopus embryos showed up-regulation of mesoderm
genes including eomes, fgf3, fgf8, not, and gata2[95]. Similarly, t expression was mildly
reduced in Mixer morphants. Finally, while the relationship between X. laevis and X.
tropicalis Bix TFs is unclear, current evidence suggests that bix1, in X. laevis, is directly

activated by T [96], and in X. tropicalis, is activated by Nodal/Smad2 [26]. In X.
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laevis, bix2 (also known as milk) is putatively activated by Nodal/Smad2 [97], and in turn
directly activates gsc[65], [97]. Further elucidating the direct targets of Mix TFs in

amphibians, fish, and mammals will be crucial to teasing out these subnetworks.

4.2. Gata family

The Gata transcription factors are highly conserved regulators of endoderm formation
across metazoan model systems. In invertebrates, Gata transcription factors play crucial
roles in the formation of the Drosophila midgut [98], [99], in the E lineage during C.

elegans germ layer patterning [100], [101], [102], and in the sea urchin

mesendoderm [2], [103]. In vertebrates, the Gata4/5/6 subfamily of Gata factors play a role
in the formation of mouse extra embryonic endoderm [104], [105], and in the formation

of Xenopus[106], [107] and zebrafish [108], [109] endoderm.

Despite their importance, little is known about their molecular targets. In Xenopus, the
putative direct targets of Gata4/5/6 are endodermal genes hnf1b and sox17a. Evidence in
mouse ES cells also suggests that both Hnf1b and Sox17a are Gata4/6 targets [104], [105],
and zebrafish gata5mutants show a reduction in sox17 expression [110]. While the
directness of these interactions is unclear in the mouse and zebrafish, conservation of gene
activation suggests similar network topologies are likely operating between frog, zebrafish

and mouse.
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A common feature of the Gata factors is the extensive mutual regulation among these three
genes. In Xenopus, gata5 gain-of-function upregulates gata4 expression, while gata4 gain-
of-function upregulates gata6 expression [107]. In zebrafish, loss of gata5 downregulates
the expression of gata6 and vice versa [109]. Overexpression of Gata4, Gata5, or Gata6 in
mouse ES cells results in the upregulation of all three factors [104], [105], [111], and Gata4-

null mice show reduced Gata6 expression [112].

Presently, it is unclear whether these connections are direct; however, functional analyses
of a Gata4 cis-regulatory module in mouse supports direct co-regulation. Gata4 was shown
to bind to an enhancer controlling foregut and midgut expression, suggesting an
autoregulatory loop [113]. A second enhancer that controls Gata4 expression in the septum
transversum and the mesenchyme surrounding the liver are bound by all three Gata

factors [114]. These data suggest a direct positive relationship between the three factors.

4.3. Sox17

Sox17 is a highly conserved endodermal transcription factor across vertebrates. Sox17
plays a role in Xenopus[115] and zebrafish [116]endoderm formation, and in both mouse
extra embryonic and definitive endoderm formation [117], and in the definitive endoderm
in human ES cell assays [118]. In Xenopus, little is known about the direct targets of Sox17,
but putative direct targets include foxal, foxaZ2, and hnf1b[119], [120], [121]. Sox17 also
directly regulates the expression of foxaZorthologs in mouse and human extra embryonic

and definitive endoderm [118], [122]. In addition, Sox17 targets the extra embryonic
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endoderm marker Hnf1b in mouse ES cells [122]. However, it’s not known if either of these
targets are direct. Finally, functional evidence shows that Sox17 genes are subjected to a

positive feedback loop [119], [121].

4.4. Foxa family

Foxa TFs are critical for endoderm development across diverse organisms [123], [124]. Of
the three Foxa TFs in mouse (Foxal, FoxaZ2, and Foxa3), FoxaZ2 is required for early
development. FoxaZ-null mice display defects in the node (the equivalent of the Spemann
organizer) and later gut tube [125]. Both Foxal and 2 bind to liver-specific enhancers in
mouse pluripotent gut endoderm, well before these genes become transcriptionally

active [126], and genetic analyses indicated that these TFs function together in hepatic
development [127]. Since they have the capacity to bind to and open

compact chromatin [128], Foxa TFs have been deemed ‘pioneer factors’ for gut

development [129].

The Xenopus tropicalis genome encodes three Foxa TFs (foxal, foxaZ2, and foxa4), which are
zygotically transcribed. Gain-of-function analyses indicate that FoxaZ2 inhibits mesoderm
and anterior endoderm formation in the gastrula embryo [130]. Loss-of-function analyses
in sea urchin also support the conservation of this mechanism [131]. However, as the
overexpression of VP16-FoxaZ2 fusion protein phenocopied the overexpression of Foxa2,
Foxa2 presumably functions as an activator [130], and the authors postulate that Foxa2

activates a key repressor of mesodermal cell fate. At present, the direct targets of Foxa in
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the early embryo are unclear. Finally, in Xenopus, foxa4 is the earliest and most abundantly
expressed foxa gene during early mesendoderm specification. However, Foxa4’s role in
early mesendoderm development is not known, although by early neurula stages it
promotes notochord formation and inhibits prechordal and paraxial mesoderm [132]. Our
network analysis reveals that foxa4 is activated by Smad2/3, via a Foxh1-independent
mechanism [26]. Since foxa4 expression is repressed directly by

the Smad1 target ventx1[133], these connections support exclusion of foxa4expression

from the ventrolateral mesoderm.

5. Network motifs in the Xenopus mesendodermal GRN

Network motifs are a subgroup of patterns found in GRN architectures. Here we analyzed
the network motifs - representing autoregulatory, feedback, and feedforward loops [134] -
found in the network presented here, as well as those previously reported [6], [7]. Due to
the increase in the number of direct connections presented in this review over previous
networks, we identified significantly more motifs (Fig. 4.2 and Supplemental Table S3),

which we will discuss below.

5.1. Autoregulatory and feedback loops

Autoregulatory loops involve the self-regulation of a transcription factor or a signaling
pathway (Fig. 4.2A and Supplemental Table S4). Based on our criteria, current evidence

supports 4 direct autoregulatory loops. These include the positive autoregulation of Nodal
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signaling in the endoderm and dorsal mesoderm [26], [62], [135]; the positive
autoregulation of ventx2 on the ventral side of the embryo [136]; the negative
autoregulation of gsc[18], [28], [137]; and the exclusion of wnt8a expression in the dorsal

mesendoderm through the action of Tcf/Ctnnb1 [24], [138].

We next computationally interrogated our network for feedback loops - a motif that
involves mutual regulation between two genes X and Y (Fig. 4.2B and Supplemental Table
S4). In a negative feedback loop, gene X positively regulates gene Y, while gene Y negatively
regulates gene X; a double negative feedback loop is defined by mutual inhibition between
the two genes. A positive feedback loop involves a mutual activation between genes X and
Y. We identified five feedback loops in our network — one negative feedback, one double

negative feedback and three positive feedback loops.

Based on gain- and loss-of-function analyses, a double negative feedback loop between the
dorsal organizer gene gsc and the ventral gene ventxZhas been proposed [139]. While
reporter assays and EMSA experiments had confirmed gsc as a direct target of

Ventx2 [140], it was only recently via ChIP-seq that Gsc binding to ventx2 regulatory
regions has been confirmed [28]. This type of feedback loop enables the formation of sharp
expression boundaries between cell lineages, as computationally demonstrated in

modeling a double negative feedback between gsc and ¢[141], [142].

The network reveals a negative feedback loop between Gsc and Wnt/[3-catenin,

whereby gsc - activated by maternal Wnt11b/3-catenin [82], [85], [138], [143] - represses
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the expression of zygotic wnt8a from the dorsal organizer [28], [137]. This type of feedback
loop can be useful in cases where the initial activator becomes unnecessary in the control

of later gene expression.

Positive feedback loops enable continuous expression of two genes that are important for
the same lineage. On the ventral side of the embryo, Smad1 mediating BMP signaling binds
the regulatory region of ventx2 and activates its expression, which in turn appears to
regulate the expression of bmp4 and increases the production of Bmp4 ligand [144].
Finally, in the mesendoderm, the Nodal and Wnt/3-catenin signaling pathways positively
feed back into each other [24], [26], [85], [119], [145], [146], [147]. In this motif, maternal
Wnt11b/B-catenin activates the expression of all nodal genes in the dorsal mesendoderm.
In turn, Smad2/3 (mediated by Foxh1), activates zygotic wnt8a, which is excluded from the

dorsal organizer via the gsc gene as discussed above.

5.2. Feedforward loops

One important feature found in the network presented is the prominent presence of
feedforward loops in three-gene network motifs. Of the eight different types of feedforward
loops [148] (Fig. 4.2C, Supplemental Table S4), the coherent feedforward type I is the most
abundant. The relative abundance of coherent feedforward type I loops compared to other
types of feedforward loops is a feature found in a variety of transcriptional GRNs,

including E. coli[148], P. aeruginosa[149], and S. cerevisiae[148], as well as D.

melanogaster embryogenesis [150], [151]. In our network, approximately three-quarters of
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identified feedforward loops are coherent type [ (Supplemental Table S4). In this type of
loop, a positive regulator (gene X) and its target (gene Y) both positively regulate the
expression of a common downstream gene (gene Z). In the Xenopus mesendoderm GRN,
this loop appears frequently where gene X is maternal, gene Y is a primary activated
zygotic gene and gene Z is a secondary activated zygotic gene (Fig. 4.2D). In the majority of
cases, the initial activator appears to be either 3-catenin, Foxh1, Smad2/3, or Vegt (gene X).
These maternal factors activate the expression of early and mid-blastula zygotic genes such
as wnt8a, sial, siaZ, mix1, gsc, and the nodal genes (gene Y), which, in turn, activate the
expression of a larger number of later expressed mesendodermal genes (gene Z). Some
examples of gene Z include cerl, eomes, ventx1, hhex, and pitx2. The benefits of this type of
loop depend on whether the co-regulation of Z by both X and Y is an ‘AND-gate’ (where
both factors are required to activate factor Z) or an ‘OR-gate’ (where either factor can
activate gene Z) [134]. An ‘AND-gate’ can be beneficial in the tight control of factor Z
expression, as factor Z is only activated once factor Y is expressed. On the other hand, an
‘OR-gate’ enables the sustained expression of factor Z, despite the loss of the initial factor
X [134]. Such would be a critical motif functioning in early Xenopus embryogenesis, where
maternal factors that act as the initial activators are degraded during blastula stages. Then,
their direct, primary, activated zygotic targets can function to maintain the expression of
later, secondary, activated genes. It is not clear as to whether the coherent type I
feedforward loops we identified are controlled by AND-gates or OR-gates. It will be
important to address this type of question as we further refine our understanding of gene

regulation in the early Xenopus mesendoderm.
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The other types of feedforward loops involve a negative regulation between genes X, Y and
7 [148] (Fig. 4.2C, Supplemental Table S4). In the Xenopus system, these types of loops
appear enriched among genes required for dorsal-ventral patterning of the mesendoderm.
For example, Smad2/3 signaling promotes both t and gsc expression [26], [43], [87],

[93], [152]. In turn, gsc represses t from the dorsal organizer. In a similar loop, otx2 also
functions in the restriction of t expression [90], [153]. These loops, along with negative and
double negative feedback loops, appear to be particularly useful in regionalizing the dorsal
and ventral sides of the mesendoderm. It is likely that more of these types of loops will be
identified in the future, as we better define the expression domains of more transcription
factors during Xenopus gastrulation [14], [15], [16]. Also, as this review focuses on
mesendodermal genes, the molecular mechanism for the regionalization of the embryo
between mesendoderm and prospective ectoderm is not reflected on this network.
However, as some animal pole factors repressing Nodal signaling have been identified (e.g.,

maternal Sox3) [154], similar network motifs might be used in animal-vegetal patterning.

6. Prospects

We have generated a comprehensive gene regulatory

network governing Xenopus mesendoderm development. New findings, and the increased
accessibility of HTS technologies, have contributed greatly to the number of direct
regulatory interactions between critical factors, and have revealed many more possible
players whose functions remain unclear. We predict that the network will become more

complex as more datasets are generated. In addition, advances in the use

122



of CRISPR/Cas9 in Xenopus provides the opportunity to modify the endogenous

interactions between TFs and their target CRMs. This will enable in-depth investigations
into the role of CRMs in gene regulation, ultimately aiding in addressing one of the most
critical questions in biology: how mutations in regulatory regions influence overall gene

expression levels.

The mesendoderm network is initiated in the blastula embryo at the onset of zygotic gene
activation, and the network presented here - which extends through the beginning

of gastrulation - covers a timespan of approximately 3 h. During this time of rapid
developmental transitions, as maternal factors — important for the initiation of the network
- are degraded, and zygotic transcription ramps up, we expect the network to be highly
dynamic. While single-stage analyses may be sufficient in identifying direct target genes,
the investigation of TF targets over time provides valuable kinetic information to uncover

the complexities of the dynamic regulatory network.

In addition to transcription factors and signaling molecules, screens for non-coding RNAs,
including microRNAs [155], [156], [157], [158], [159] and long non-coding

RNAs [160], [161], have identified many more potential regulators of gene expression. One
example is through the negative regulation by mir-427 of the Nodal

ligands nodal5 and nodal6, and the nodal antagonist lefty[162]. Loss of function of mir-427
leads to mesodermal patterning defects. Interestingly, the interaction between Nodal

signaling, Lefty and mir-427 generates an incoherent type II feedforward loop. As we learn

123



more about the roles of these non-coding RNAs, we will have to integrate their regulatory

roles into the GRN diagram.

As the GRN increases in connectivity and becomes more complete, this will enable future
researchers to investigate the GRN from a systems level perspective. Identification of
various network motifs can provide some new and interesting hypotheses based on the
theoretical properties of these motifs [134], which can be experimentally tested in vivo.
Additionally, quantitative modeling of these network can delve deeper into the nature of
the regulatory relationships between transcription factors, as has been done in smaller
networks [141], [142], [163]. Some of the challenging questions in the future are to parse
which mesendodermal factors play major roles in regulating network function and
maintaining network output robustness; as well as the role of redundancy in network
regulation, and feedback/feedforward loop regulation. The Xenopus mesendoderm GRN,
with its rich history and amenability to modern genomic tools, presents itself as one of the
best systems to study these types of network questions in vivo. We hope that this network
will provide a useful framework in moving towards a greater understanding of the complex
GRN controlling early mesendoderm development, and as well as the formation of

later endodermal derivatives.

Supplemental Tables

Supplemental tables can be accessed at https://doi.org/10.1016/j.semcdb.2017.03.003
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Chapter 4 Figures and Tables
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Fig. 4.1. Xenopus mesendoderm gene regulatory network from fertilization through early-
gastrula. The network is comprised of 35 TFs and 12 growth factors. Maternal proteins are
represented as diamonds, and signaling ligands as circles. Connections are drawn from the
transcriptional regulator to the cis-regulatory region of the target gene, and direct
connections are indicated as solid lines and putative connections as dashed lines.
Connections from secreted ligands pass through a chevron and are mediated by their
respective intracellular TFs (e.g. Smad2/3, Ctnnb1/(-catenin). Approximate
spatiotemporal information is provided from top to bottom (egg through early-gastrula)
and from right to left (dorsal to ventral), with some exceptions (e.g. t/bra). The activation
time of zygotic sox7(boxed) is unknown. All direct connections are annotated for TF
binding (blue diamond), reporter assay (pink diamond), and TF binding plus functional
validation (maroon diamond). For additional connection details, including experimental
evidence and references, see Table 4.1 and Table S2. ZGA, zygotic genome activation.
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Fig. 4.2. Network motifs found in the Xenopus mesendoderm GRN. (A) Autoregulatory loop,
for example by Nodal signaling. (B) Positive feedback loop, for example between Nodal and
Wnt signaling. (C) Coherent and incoherent feedforward loops and their regulatory
structure. (D) The type I feedforward loop, which appears to be the most common
feedforward loop in the GRN, frequently appears in the structure such that X is a maternal
factor, Y is an early zygotic gene, and Z is either an early or late zygotic gene.
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Regulator

Direct Targets

Selected References

ctnnb1/B-
catenin (Wnt)

cerl, eomes, foxal, foxaZ2, gsc, hhex,
hnf1b, Ihx1, nodall, nodal2, nodal,
nodal5, nodal6, otx2, sebox, sial,
sia2, sox17a, t, vegt, ventx1, wnt8a

[23], [24], [82], [83], [84], [85],
[119], [138], [145], [147], [164],
[165], [166]

vegt cerl, gdf3, gsc, mix1*, mixer*, [33],[35], [36], [38], [41], [85],
nodall, nodal*, nodal5, sial, snail*, | [121], [165], [167], [168], [169],
sox17a, sox17b1* sox7* ventx1* [170],[171],[172]

foxh1 cerl, gata2, gdf3, gsc, hhex, lhx1, [26], [62], [63], [66], [72], [166],
mix1, nodall, nodal2, otx1, otx2, [173],[174], [175]
pitx2, sebox, wnt8a

sox7 nodal* nodal5* nodal6* [49],[171]

smad2/3 bix1, bix2*, cerl, eomes, foxa4, [26],[27],[62], [63], [72], [87],

(Nodal) gata4, gata6, gsc, hhex, hnflb, lhx1, | [90], [166],[176],[177]

mix1, mixer, nodall, nodal2, osr2,
otx2, pitx2, sebox, sial, snail,
sox17b, t, vegt, wnt8a, zic2

smad1l (BMP)

gata2, ventx1, ventx2

[61], [178], [179], [180], [181],
[182], [183], [184], [185], [186],
[187], [188]

sial cerl, gsc, hhex, zic2* [33], [84], [91], [92], [152], [189],
[190]

sia2 gsc, hhex, zic2* [84],[166],[191],[192]

mix1 cerl, gsc, t [33],[90], [91], [92], [152], [190],
[193]

mixer gsc [65],[194], [195]

bix2 gsc [65],[97]

gsc gsc, otx2*, pitx2*, t, ventx1, ventx2, | [18], [28],[90], [137], [196]

wnt8a

otx2 cerl, gsc, hhex, t [32],[90], [153], [166], [197]

lhx1 cerl, gsc, hhex [166],[190], [197]

hhex gsc, nodall* nodal2* [198], [199], [200]

gata4 hnflb* [106],[107], [201]

gata5 hnflb*, sox17a* [106],[107]

gata6b hnflb*, sox17a* [107],[201]

gata2 ventx1 [202]

sox17b foxal*, foxa2*, hnflb* sox17a [119],[120],[121],[176]

hnflb lhx1 [203]

t bix1 [96]

ventx1 foxa4 [133]

Table 4.1. Summary of direct and putative connections between network transcription
factors. See also Table S2 for additional connection details. Putative direct targets are
denoted with an asterisk (*).
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Chapter 5

Feedforward loops as a second tier control of the

onset of zygotic gene activation
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Abstract

Zygotic gene activation is a process in metazoan development in which the control of gene
expression is transferred from maternal factors to zygotic factors. The timing of the onset
of this process is highly regulated. While models exist to explain the timing, recent
observations in transcriptomic datasets show multiple waves of zygotic transcription. This
implies that in addition to current models, there exists a regulatory control to form the
different waves. In the endoderm, the predominant model is a linear model whereby Vegt
activates Nodal signaling, and Nodal signaling activates second wave genes. However,
network motif analysis of the Xenopus mesendoderm network suggests a role for feed-
forward loops to control this process. Using computational modeling, I validate that feed-
forward loops can generate the multiple onsets of zygotic gene activation. Using genomics, I
provide a mechanistic model of feed-forward loop formation seen using Vegt and Smad2/3
chromatin binding. Overall, the analysis in this chapter provides a useful genomic/systems

biological approach to the study of the onset of ZGA.
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Introduction

Zygotic gene activation (ZGA) is a period in embryonic development when the first genes
from the zygotes genome are transcribed. This process is controlled temporally with the
involvement of maternal transcription factors (TFs)!-°. While multiple models exist to
explain the onset of ZGA, recent gene expression analysis showed that ZGA occurs in
waves1011 In Xenopus, this phenomenon has been called mid-blastula transition (MBT),
when most genes are activated, and pre-MBT, when a small subset of genes is activated
earlier'?. Among the pre-MBT genes are important developmental genes that regulate
formation of one of the three germ layers, such as gdf3, nodal5 and nodal6, which encode
ligands that activate the Activin/Nodal signaling pathway!3. These findings suggest a

second tier of ZGA control that differentiates pre-MBT and MBT gene transcription.

In the vegetal region of the early embryo, the predominant model of mesendodermal gene
activation417 involves the activity of the maternal vegetally-localized TF Vegt!8-21. During
cleavage and early blastula stages, the T-box TF Vegt directly activates the expression of
the pre-MBT Nodal ligands gdf3?2-24, nodal52>2¢ and nodal627 (Table 2.4). Through
activation of the Nodal signaling pathway using the TF Smad2/3, these ligands regulate the
expression of second wave of zygotic genes, which are activated during mid-blastula or
early gastrula?8. Among these endodermal genes are genes activated during the second
wave of zygotic transcription including gata4, gata6, hnf1b and foxa4°?°. The sequential

activation by maternal TF of pre-MBT genes, and activation by pre-MBT genes of MBT
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genes provides a convenient model to explain multiplicity in ZGA onset. However, Vegt
ChIP-seq generated prior to ZGA reveals that Vegt could bind in regulatory regions near
second wave zygotic genes (Fig 2.8). This suggests that Vegt can maintain control of gene
expression during the activation of pre-MBT/Nodal and MBT/second wave genes, creating
a positive feedforward loop (FFL). Theoretically, this motif had been shown to be able to
regulate timing of gene expression3? and has been attributed to timing of gene expression
in early sea urchin development3!1. In addition to gene onset, FFLs provides additional
advantages over the linear model as FFLs can provide control over the timing of gene
transcription shut-down3°. While the linear model is much simpler, the formation of FFLs

provides an alternative control in generating the waves of gene expression seen in ZGA.

Here, I investigate the timing of ZGA using computational methods and genomic analysis. I
hypothesize that FFLs act as a second tier of ZGA control. I compare the predominant
model of gene activation (the linear model) and the FFL model, and find that
computationally, these two models are capable of creating the gene expression waves
during ZGA. From genomic analysis, I explore the mechanisms of FFL formation during
these early stages of development, and hypothesize two different models. In the first model,
Vegt pre-marks the regulatory region prior to Nodal signaling induction and Vegt binding
then allows for SmadZ2/3 binding in these regions. If Vegt and Smad2/3 were
combinatorially required for enhancer activity, then the corresponding gene would not be
activated until Smad2/3 is present hence generating a delayed induction of the second
wave. In the second model, Vegt and Smad2/3 coordinate binding in regulatory regions. In
this model, while Vegt protein is present in endodermal cells, it does not associate with
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specific regulatory regions in the absence of Smad2/3. When Nodal signaling is activated
and Smad2/3 is present in the nucleus, Vegt and SmadZ2/3 can coordinate binding to
enhancers and consequently activate the corresponding second wave genes. In this case,
delayed binding of Vegt causes the delayed induction of second wave genes. While
incomplete, the findings in this chapter provide a useful framework for studying a

mechanistic model of ZGA onset regulation from a systems biological perspective.

Results

Type I FFLs are significantly enriched in the Xenopus GRN

In Chapter 4, [ quantified the number of network motifs in the Xenopus mesendoderm GRN.
However, it as unclear whether these quantities for the auto-regulatory, feedback and
feedforward loops are statistically significant. In order to address this question, [ generated
10,000 random GRNs that are of similar size to the Xenopus GRN where #(genes) = 37,
#(direct positive connections) = 82, and #(direct negative connections) = 14. From these
randomized networks, I counted the number of network motif types and compared the
empirical measures from the Xenopus GRN. In general, most motifs are enriched in the
Xenopus GRN, although motifs such as Type VII and Type VIII FFLs quantities fall below
randomized GRN background (Table 5.1). Among motifs that only includes direct positive
connections, only the Type I FFL is enriched 6.5-fold (p-value = 3.3e-19) in the Xenopus

GRN compared to randomized GRNs, while both the positive auto-regulatory feedback and
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the positive feedback loops quantity falls below randomized GRNs. This analysis suggests
that only a subset of network motifs are enriched in the Xenopus GRN, and among them is

the Type I FFL.

Two theoretical models to show waves of gene transcription during ZGA

Two competing theoretical models can describe the delayed induction of the secondary
zygotic genes (Fig 5.1a). In the predominant linear model, Vegt activates Nodal signaling,
and Nodal signaling activates the second wave of endodermal zygotic genes. Alternatively,
in the FFL model, Vegt activates Nodal signaling and then both Vegt and Smad2/3 activate
the expression of secondary zygotic genes. To verify that both models can generate
multiple waves of gene expression, | computationally modeled the GRN interaction
between Vegt, Nodal signaling (through Smad2/3) and second wave genes using partial
differential equations. In both models, | represented the Nodal signaling pathway as simply
the induction of Nodal ligands gdf3, nodal5 and nodal6. The induction of these ligands is the
critical step to induce the pathway in the endoderm?3. As expected, both models can show
staggered initial induction of zygotic genes, consistent with previous findings3? (Fig 5.1b,c).
The Nodal ligand expression is activated first, and this induction is followed by the
secondary zygotic genes. However in the feed-forward loop model, this staggered induction
is only feasible when both Vegt and Nodal signaling are combinatorially required to
activate the secondary zygotic gene. Such a combinatorial requirement (so called AND-

gate) for causing delayed induction has also been described30. If either Vegt alone or Nodal
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signaling alone is capable of inducing the target genes, then the induction of secondary
zygotic genes occurs alongside the induction of Nodal genes (not shown). This scenario
results in a single wave of gene activation, and thereby fails to explain the multiplicity of

onset of ZGA.

Molecular mechanisms of FFL formation

While these models can computationally explain the multiplicity in the onset of ZGA, I
wondered mechanistically how these network motifs could form in the cis-regulatory
regions of the genome. The linear model appears the most straightforward, as the binding
of Vegt in CRMs of second wave genes is not required, and that the binding of Smad2/3 is
sufficient to induce secondary gene expression (Fig 5.1d). In these cases, the limiting factor
in the induction of the secondary zygotic genes is the activity of Smad2/3. As the activity of
SmadZ2/3 requires the activation of zygotic nodal ligands nodal5 and nodalé, this results in

delayed induction of secondary zygotic genes.

In the feedforward loop models, there are two possible mechanisms. First, Vegt can pre-
mark these regulatory regions pre-MBT, and then allow for Smad2/3 binding (Fig 5.1e).
This is consistent with the findings in Chapter 2, as Vegt, along with other maternal TFs can
pre-mark regulatory regions as early as the 32-cell stage (Fig 2.5). As T-box and Smad2/3
proteins have previously been shown to physically interact, possibly, Vegt recruits

SmadZ2/3 into these regions32:33. Alternatively, the second mechanism is that Vegt cannot
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bind to these regions in the absence of Smad2/3 (Fig 5.1f). However, in the presence of
SmadZ2/3, Vegt can associate to these CRMs either through coordinated binding, or even
through recruitment by Smad2/3. As Vegt is not present in the CRMs in the absence of

SmadZ2 /3, this results in the delayed onset of induction of secondary zygotic genes.

In Chapter 2, [ generated Vegt ChIP-seq at Stage 8 (pre-MBT). Post-MBT, Smad2/3 ChIP-seq
at Stage 10 has been published?? and, while unpublished, Vegt ChIP-seq at Stage 10 has
already been generated by a collaborator. I used these datasets to validate the molecular

mechanisms of FFL formation.

Vegt and Smad2/3 chromatin binding support the mechanistic formation of FFLs

After peak calling these ChIP-seq datasets, I identified regions of chromatin overlaps and
found candidate regulatory regions consistent with the three models described above (Fig
5.2a). First, the linear model does not require the binding of Vegt and hence any binding of
SmadZ2/3 could pose as candidate regulatory regions for the linear model. In the case of
FFLs which involved pre-marking by Vegt, [ found 114 regulatory regions where Vegt
persistently binds and is co-bound by SmadZ2/3. In the case of coordinated binding, I found
185 regulatory regions where Vegt did not previously bind prior to the appearance of
active Nodal signaling. However, these regions are co-bound by Vegt and Smad2/3 at later

stages.
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Since I am specifically interested in regions that are regulated through a FFL mechanisms, I
prioritized regions that are adjacent to genes that are regulated by both Vegt and Smad2/3.
[ used previously published datasets, combined with our own ChIP-seq datasets to identify
a set of genes that are directly regulated by Vegt and Smad2/3, among which are
mesendodermal genes foxa4, gata4, and gata6?12%34, A subset of these genes contains a
peak that corresponds to one or both types of FFL mechanisms (Fig 5.2b). For example,

the gata4 promoter region and the mix1 downstream region contain a persistent Vegt peak
and a Smad2/3 peak (Fig 5.2b,c). These peaks are marked by the transcriptional co-
activator Ep300 suggesting that these regulatory regions are active. In addition, as [ am
aware that TFs can associate with the chromatin through various mechanisms, these CRMs
contain at least one motif for both Vegt and Smad2/3 suggesting that these can be directly
bound by both Vegt and SmadZ2/3. These ChIP-seq findings identified possible chromatin

regions regulated through the linear model and both mechanistic models of FFLs.

Discussion

The abundance of FFLs in single-celled organism GRNs and the sea urchin developmental
GRNs has previously been established3?31. [ found this network motif to be highly abundant
in the Xenopus network and I wondered if there is a mechanistic reason for the abundance
of this network motif!’. I looked into the function of this network motif during

early Xenopus development and hypothesized that FFLs can generate the multiplicity in

onset of zygotic gene activation. My computational modeling corroborates previous
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findings that FFLs can generate the multiple waves of gene induction. ChIP-seq binding of
Vegt and Smad2/3 support this hypothesis as Vegt and Smad2/3 co-bind in cis-regulatory
regions. Vegt and Smad2/3 can form these FFLs either by Vegt pre-marking these CRMs
followed by Smad2/3 binding or alternatively, Vegt and Smad2/3 can coordinate binding to
these regions together. Further experiments required to establish these models will be

discussed in Chapter 6.

FFLs as second tier control of ZGA

While multiple models have been proposed to explain the timing of the onset of ZGA, recent
RNA expression analysis showed that there are multiple waves of gene induction. While the
linear model of gene induction is sufficient to explain the formation of multiple waves, the
network motif analysis suggests that an alternative model using FFLs is at play. Maternal
transcription factors can retain control of zygotic gene activation even after the first waves
of factors are activated. In this chapter, I focus on the role of Vegt and Smad2/3 in the
endoderm although this mechanism could be more ubiquitous. For example, in the
endoderm, Mixer13 is an early expressed TF activated pre-MBT and could also possibly
collaborate with Vegt in the activation of second wave zygotic genes. In addition, this
mechanism could be involved in other regions of the embryo. For example, the maternal 3-
catenin is active in the dorsal regions of the embryo, and has been found to be active
through the gastrula stages, like Vegt. Possibly, 3-catenin353¢ collaborates with dorsally-

activated zygotic transcription factors such as Otx237:3840 or Gsc3940 to form the Spemann
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organizer in the dorsal mesoderm. Since the Xenopus ectodermal network is not as
established as the mesendodermal network, possibly, knowledge of network motifs in the
mesendoderm can provide useful hypothesis in the ectodermal network. For example, the
maternal factors Grhl3 and Foxi24! (Table 2.1) might collaborate with zygotic genes such as

Foxi1#2 to activate the secondary zygotic genes in the ectoderm.

FFLs in developmental regulatory networks

As I uncovered that the Xenopus mesendoderm GRN has many FFLs, like the sea urchin
network, [ wondered if this was the case as well in other published developmental systems.
[ looked into published GRNs where network connections have been identified as direct. |
used the published C. elegans endoderm GRN#3, the neural crest GRN from zebrafish and
chick#4, and the mammalian pancreatic GRN*5, and compared them to the Xenopus
mesendoderm and sea urchin ectoderm GRNs. Using computational pattern matching for 2-
connection and 3-connection network motifs, all five GRNs showed an abundance of the
type I FFLs, while other network motifs vary in abundance (Table 5.1). For example, the C.
elegans endoderm GRN is formed through feedforward loops during both the specification
and the differentiation processes. This finding suggests the importance of FFLs in
developmental systems and the possibility that this is a fundamental feature of control of

gene expression timing in many contexts.
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Chapter 5 Figures and Tables
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Figure 5.1 Model of transcription factor binding and feedforward loops. (a) The linear and
the feedforward loop models are competing models to explain multiple waves of
transcription during ZGA. Computational modeling of gene networks following the linear
model (b) or the feedforward loop model (c) showing temporal gene expression. (d)
Chromatin binding of Smad2/3 in the linear model. Chromatin binding of Smad2/3 and
Vegt in feedforward loop mechanisms showing pre-marking by Vegt (e) and coordinated
binding by Vegt and Smad2/3 (f).
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Figure 5.2 Candidate regulatory regions of linear and feedforward loop models (a) Overlap
of Vegt St 8, Vegt St 10 and Smad2/3 St 10 ChIP-seq peaks highlighting potential regulatory
regions for the linear model (red); and the feedforward loop model using coordinate
binding (orange) or persistent maternal TF binding (violet). (b) Set of direct
mesendodermal targets regulated by Vegt-only, Smad2/3-only or both. For the co-
regulated genes, labels indicate whether their binding regions are consistent with the FFL
coordinated binding or FFL persistent Vegt binding models seen in panel A. (c) Genome
browser showing Vegt (St 8 and St 10), Smad2/3 (St 10) and Ep300 (St 10) along with the
location of Smad2/3 and T-box consensus binding motifs. Specifically shown are the
genomic regions of gata4 and mix1 which both contain a candidate for FFL persistent Vegt
binding.
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Developmental Gene Regulatory Networks Xenopus
Motif Type Xenopus C. Elegans Neural Crest Pancreatic Sea Urchin randomize(;"
M doderm doderm Ectoderm (N = 10,000)

Auto-regulation 2 2 4 1 0 2.44
(positive)

Auto-regulation 2 0 0 0 5 0.38
(negative)

Positive Feedback 3 1 0 1 3 4.80

Double Negative 1 0 0 0 0 0.86
Feedback

Negative Feedback 1 0 0 0 0 0.48

Feedforward loops

Typel 63 15 15 5 24 9.62

Type Il 3 0 9 0 0 0.28

Type Il 6 0 0 0 0 0.28

Type IV 3 0 0 0 0 0.28

Type V 13 0 0 0 8 1.71

Type VI 1 0 0 0 2 0.04

Type Vil 0 0 0 0 0 1.70

Type VIl 0 0 0 0 0 1.68

Table 5.1 Abundance of common regulatory motifs across diverse gene regulatory networks.
Network motif composition of five developmental GRNs. On the right-most column is the
average motif composition of the randomized Xenopus mesendoderm GRN simulated
10,000 times.
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Chapter 6

Outlook
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Maternal transcription factors and endoderm formation

The aim of my thesis was to uncover the combinatorial function of maternal transcription
factors (TFs) during zygotic gene activation to specify the endodermal germ layer. To
accomplish this goal, I used different frameworks and approaches. In Chapter 2, I've used
developmental genetic approaches to understand the function of otx1 within the context of
early endoderm formation. Using standard Xenopus gain- and loss-of-function methods, I
uncovered the role of Otx1 in combination with another maternal endodermal factor Vegt
in activating endoderm regulatory network. In Chapters 2 and 3, I used genomic
approaches to understand the endogenous in vivo chromatin binding of these maternal TFs.
[ found that Vegt and Otx1 co-bind with the ubiquitously expressed Foxh1 in cis-regulatory
regions of the genome. Together, these three maternal factors pre-mark active endodermal
enhancers, prior to establishment of enhancer-specific epigenetic marks. In Chapter 4, |
used a systems biological approach to understand the role of maternal TFs within the
context of the mesendodermal differentiation process. I curated existing datasets to build
an updated Xenopus mesendodermal GRN. In Chapters 4 and 5, | zoomed into the GRN at
the level of network motifs. I combined computational modeling and genomic approaches
to understand the role of specific motifs, particularly, ones that involved the function of
maternal TFs. As the primary conclusions for each project are already covered at the end of
each chapter, [ will focus on a few of the many questions that I have encountered in my

project that I was unable to address.
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What is the role of the larger set of maternal transcription factors?

In my screen for candidates of maternal specifiers of germ layer formation, [ obtained 9
vegetally- and 4 animally-localized TFs (Fig 2.2). Among the vegetal RNAs are vegt and
otx1, whose function I addressed in Chapters 2 and 3. Using developmental genetic
approaches, I uncovered their combinatorial roles in the activation of the endoderm
regulatory network (Fig 2.4). Using ChIP-seq and ChIP-qPCR analysis, [ show that Vegt and

Otx1 interact in the genome, along with the ubiquitously expressed Foxh1 (Fig 2.8-2.9).

While my analysis was limited to Vegt, Otx1 and Foxh1, both my screen for maternal
specifiers of germ layer formation and my ChIP-seq analysis suggest a role for
combinatorial regulation by a larger set of maternal TFs. Such is the case for the TFs sox7,
sox3, zicZ and pou5f3/oct60. All four TFs are maternally expressed and can possibly
interact with Vegt and Otx1, and when [ analyzed the motifs under Vegt and Otx1 binding
from ChIP-seq, the motifs for all four factors are enriched. These findings suggest that other
maternal TFs collaborate with vegt and otxI during endoderm differentiation. As the
function of these genes during endoderm differentiation are generally unknown, similar
developmental genetics and genomic approaches can be applied to understand their

function.

Analysis of the role of individual genes is relatively straightforward. The hurdle will be

understanding how all these factors combinatorially regulate. With vegt and otx1, there is
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only one combination to experimentally test. However, increasing the number of factors
increases the number of combinations such that experimental testing as performed in this
thesis is not feasible. Answering these important developmental questions will rely more

on systems biological and genomic approaches.

What distinguishes the activating and inhibitory roles of transcription factors?

In Chapter 2, [ showed that vegt and otx1 can act as an activator of endodermal genes and
as a repressor of mesodermal genes, and by ChIP-seq, [ showed that both activation and
repression functions could be direct (Table 2.4-2.6). What is unclear is how vegt and otx1
can perform either function in a gene specific manner within the same cellular context. As |
have performed experiments to uncover the molecular nature of otx1 duality, I will focus

the discussion on otx1, although parts of the discussion could apply to vegt as well.

In the case of anterior-posterior patterning of the neuroectoderm, the mouse OTX1 can act
as a repressor by through a region containing the WSP/EH1 domain, which mediates
interactions with the TLE (transducin-like enhancer of split) family of co-repressors?.
Interaction with TLE co-repressors is crucial in order to inhibit the anterior spread of FGF8
made at the midbrain-hindbrain boundary into the fore- and midbrain. Xenopus Otx1 may
generally act as an activator, and this function may be switched through interaction with
any of the three maternally expressed TLE Xenopus homologs Tlel, Tle2, or Tle4. Indeed,

when [ inhibited the expression of Tle1, Tle2, Tle4, or all three using antisense morpholino
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oligonucleotides, mesodermal genes were upregulated in the vegetal mass, similar to the
Otx1 morphant (not shown). This finding suggested that Otx1 and Tle1/2/4 inhibit the
expression of mesodermal genes in the endoderm. Possibly, through the mechanism
established in mouse, Otx1 and Tle1/2/4 interact to perform this function. This hypothesis
is supported by the chromatin binding of Otx1 and Tle1/2/4. When I performed correlation
analysis of Tle1/2 /4 ChIP-seq to maternal TF ChIP-seq, I found Otx1 to be highly correlated
to Tle1/2/4 binding (not shown). This is in contrast to Vegt binding which did not correlate
as strongly to Tle1/2/4 binding. Both the morpholino experiment and chromatin binding
correlation supported the role of Tle1/2/4 in the switch between activating and repressing

roles of Otx1.

This interpretation is made complicated by two findings. First, [ hypothesized that Otx1
binding can be categorized as Tle-bound and Tle-unbound, and these two categories
represent the inhibitory (mesodermal genes) and the activating (endodermal genes) roles
of Otx1, respectively. When I performed this analysis, | found that approximately half of
Otx1 peaks are co-bound by Tle1/2/4 and the other half are not (not shown). However,
when [ associated these two categories to gene expression by assigning peaks to the closest
genes, [ found no difference between their germ layer expression of these two sets of genes.
The second pertains to the experiments that involved mutations in the otx1 WSP/EH1
domain (not shown). The hypothesis for these experiments was that removal of the
WSP/EH1 domain would result in an Otx1 protein that does not interact with Tle and
hence, does not act as a repressive factor. [ have generated two different mutations:
complete deletion of WSP (otx1-AWSP) and alanine substitution of the eight amino acids
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(otx1-ASUB). As shown in Chapter 2, when I co-inject wild type otxI mRNA with vegt
mRNA, otx1 inhibits the induction of mesodermal genes by vegt (Fig 2.2b,c). When I
performed a similar experiment by co-injecting vegt mRNA with otx1-AWSP or otx1-ASUB,
surprisingly, these mutant otx1 mRNAs performed similarly as wild type otxI. Using a
different experimental design, [ microinjected wild type otx1, otx1-AWSP or otx1-ASUB into
the vegetal masses. Wild type otx1 further down-regulated the expression of mesodermal
genes. However, both otx1-AWSP or otx1-ASUB performed similarly as wild type otx1.
These experiments suggest that loss of the WSP domain is insufficient to explain the

inhibitory function of Otx1.

If the WSP domain is not necessary for the inhibitory function of otx1, this suggests an
alternative mechanism. Here, I list three hypotheses. First, one possibility is that otx1 does
not act as inhibitor at all during Xenopus endoderm formation. Possibly, otx1 activates a
repressor that targets mesodermal genes. To establish this model, identification of specific
transcription factor targets of otx1 is necessary. As we have performed LOF and GOF
experiments on otx1, in addition to ChIP-seq, these datasets can be leveraged to identify a

set of candidates.

Second, another possibility is that Otx1 can interact with Tle1/2 /4 via a separate domain.
In the mouse OTX1 studies, the WSP/EH1 domain was pinpointed to be the region which
TLE interacts with because deletion of a large portion of the mouse OTX1 which contained

the WSP resulted in loss of inhibitory properties!. In addition, since in the deleted region,
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the WSP region is the only domain conserved between OTX1 and OTX2, the study
concluded that the WSP region must be the region of interaction. There are two
experiments missing that are needed to make this conclusion. First, the study showed that
the OTX2 mutant cannot interact with TLE, but this was not shown with regards to OTX1.
Second, the OTX1 deletion contained a total of 75 amino acid deletions (out of 352).
Absence of these two experiments open up the possibility that the OTX1 WSP/EH1 domain
is not the sole interaction domain for TLE. Surprisingly, experiments in zebrafish using
equally large deletions in otx1 suggested that the WSP domain is actually required for the
activating roles of otx1?, rather than inhibitory function in contrast to the mouse data.
While the study in zebrafish did not focus on the interaction between tle and otx1, the study
did highlight that further analysis of molecular domains of otx1 is needed to elucidate the

function of otx1.

Third, Otx1 might not interact with Tle at all, and Otx1 can interact with a different co-
repressor. As not much is known about Otx1 co-factors, an exploratory approach in search
of Otx1-interacting proteins could provide novel mechanisms of Otx1 gene activation or

repression.

Overall, the current model whereby Tle acts as a switch between the activator and
repressor roles of Otx1 role is insufficient. Further analysis of the protein domains

and protein-protein interactions of Otx1 will be required to understand this switch.
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Why are Vegt and Otx1 bound regions depleted of H3K4me1l marks after zygotic

genome activation?

In Chapters 2 and 3, I showed that maternal TFs combinatorially bound regions of the DNA
that are likely active cis-regulatory regions. These regions are decorated by active enhancer
marks H3K27ac and Ep300 around the stages of zygotic gene activation. In addition, I've
used these cis-regulatory regions for reporter assays and they appear to be endodermally-
active (not shown). However, one of the most surprising results [ have encountered during
this analysis is the characteristic anti-correlation between the enhancer mark H3K4me1l
and Vegt + Otx1 only co-bound regions (without Foxh1). In contrast, regions that are bound
by Foxh1 + Vegt + Otx1, Foxh1 + Vegt only and Foxh1 + Otx1 only are decorated by this
enhancer mark from the blastula through the neurula stages. Why then are H3K4me1l

enhancer marks specifically depleted in Vegt + Otx1 only co-bound regions?

This question represents a large gap in knowledge in establishment of H3K4me1 marks

in Xenopus in general. Specifically, we are missing (1) enzymes involved in establishment of
H3K4me1l marks and (2) how enzymes associate with specific regions of the chromatin.
First, in various eukaryotic systems, H3K4 mono-methylation and demethylation is
performed by enzymes found in various eukaryotes including Xenopus. MLL/Set are highly
conserved proteins, which play a major role in establishing monomethyl marks3. While the
mechanism for demethylation is not as well established, this role seems to be performed by

the protein LSD1 at least in human embryonic stem cells*. Possibly, the establishment and
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specific inhibition of H3K4me1 in specific regulatory regions is performed by
orthologous Xenopus genes. Indeed, orthologous histone H3 lysine 4 methyltransferases
(MLL/SET Xenopus orthologs kmt2a, kmt2b, kmtZ2c and kmt2d) and demethylases

(LSD1 Xenopus orthologs kdm1la, kdm1b, kdm5a, kdm5b and kdm5c) are expressed

maternally>.

Second, if these same enzymes are involved in establishment of chromatin marks

in Xenopus as they are in yeast or mammals, then the question becomes how do these
enzymes associate with specific regions of the chromatin. As Chapter 4 indicated, TF
binding motifs appear to control the specificity of establishment of DNA regulatory regions.
Likely, these same Xenopus maternal TFs directly recruit or are involved in the recruitment
of these enzymes. While not much is known regarding the interaction of Xenopus TFs and
histone modifying enzymes, there are a few cases elucidated. During early dorsal-ventral
patterning of the mesendoderm, 3-catenin recruits Prmt2, which catalyzes dimethylation of
H3R8 in cis-regulatory regions of (3 -catenin target genes®. In later stages, during
neurogenesis, the TF Neurog2 mediates H3K9me2 demethylation through interaction with
the MLL/Set ortholog Kdm3a’. Perhaps, in the case of epigenetic marks established during
or after zygotic gene activation, the maternal factors Foxh1, Otx1 and Vegt are involved in

recruiting their respective modifiers.

Addressing these questions require proper functional studies of these histone modifiers in

the early embryogenesis of Xenopus. First, these studies will require gain- and loss-of-
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function approaches in conjunction with chromatin binding assays to establish the role of
these proteins in Xenopus. Second, these studies will require assays of protein-protein
interactions using co-immunoprecipitation and mass spectrometry to identify transcription

factor and histone modifier interactions.

Are FFLs second tier regulators of the onset of zygotic genome activation?

In Chapters 4 and 5, I describe the abundance and possible function of FFLs in a variety of
developmental systems. In the case of early Xenopus germ layer formation, FFL contains
maternal TFs, which activates a gene that encodes for a zygotic TF or signaling molecule
(Fig 4.2d). Subsequently, the combinations of the maternal and zygotic factors regulate a
set of second wave zygotic factors. Possibly, this network motif could have implications in
the regulation of the multiple waves of gene activation during this period of development,
as feed-forward loops have been attributed to regulation of timing of gene expression®. In
Chapter 5, [ use computational modeling to validate this function of FFLs. Additionally, I
use ChIP-seq datasets to describe the mechanistic model of FFL formation using the

maternal factor Vegt and the Nodal signaling TF Smad2/3.

While the network connections which generated the FFLs in the early Xenopus GRN have
been validated, the temporal regulatory aspects of feed-forward loops have not been
investigated. In the case of the Xenopus endoderm, it is essential to show various aspects of

Vegt and Smad2/3 co-regulation. By computational modeling, I showed that the delayed

172



onset of second wave genes is dependent on a mechanism whereby Vegt and Smad2/3 are
combinatorially required, and the absence of either one cannot activate second wave gene
expression (Fig 5.1a). This specific feature of FFLs could be used to validate the model, and
specifically, this feature could distinguish the FFL model of gene regulation from the linear
model. Experimentally, as loss-of-function of Vegt also inhibits Smad2/3 activity, then the
types of experiments must focus on the regulatory regions of second wave genes. One such
experiment is through reporter gene analysis where deletions of the T-box or Smad binding
sites can show that the expression of the reporter is lost in the absence of either. Positive
results in these types of experiments would indicate that both Vegt and Smad2/3 are
required to regulate the enhancer, thus validating the FFL. Alternatively, instead of using
reporter constructs, endogenous regulatory DNA function could be assayed using the new
generation of CRISPR/Cas9° which can create controlled mutations at the single base level.
The use of this new technology has not been previously applied in Xenopus, however
successful application this approach can transform functional analysis of regulatory
regions, or at the very least provide supporting evidence along with reporter gene

experiments.

Final remarks

In conclusion, my thesis revealed the critical role of combinatorial regulation of maternal
TFs at both the cis-regulatory level and the GRN levels. Hopefully, the ideas discussed and

the evidence generated will act as useful stepping stones in future scientific ventures in the
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fields of cell fate specification, gene regulatory network science, evo-devo, chromatin

biology and that which unifies the body of my thesis, developmental biology.
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