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ABSTRACT

The availability of advanced GRN models for sea urchin development presents a unique
opportunity to address the function of signaling interactions in cell fate specification at a
system-wide level. Here we take a global approach to investigate the regulatory functions
of the Wnt signaling system during pre-gastrular development. We examine the embryonic
specification processes in order to determine in which embryonic lineages and at what time
specific Wnt signals are required. We show a functional divergence among individual Wnt
ligands despite their similar and partially overlapped spatial expression. By studying TF
activators, we show that expression of wnt genes is tightly controlled and is correlated with
their respective functions. In particular Wntl and Wnt16, which regulate endodermal
specification, are activated by the endoderm regulator Hox11/13b. Motivated by these
results and in an effort to further enhance our understanding of endodermal specification,
we conducted a cis-regulatory analysis of the hox11/13b gene across a range of
developmental stages up to 60 hours post-fertilization. We identify Ets, Eve, and Tcf as
direct regulators of hox11/13b, and we show that their combinatorial control drives the
endoderm-specific and dynamic early expression of hox11/13b. Furthermore, we show that
its late expression in the hindgut is controlled by an inter-modular AND logic gate, in

which two separate regulatory modules are both required but neither alone is sufficient.
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Chapter 1

INTRODUCTION

Overview

Development is a unidirectional process that transforms a fertilized egg from a
single cell into a multicellular organism composed of multiple tissues with distinct
functions. Two of the most interesting and defining features of development are its
ability to continuously increase organismal complexity and the fact that it is highly
reproducible among individuals and across generations (Peter and Davidson 2015).
This makes it clear that the biological program governing development must be
extremely robust and well-conserved over time. It is now understood that this
program is encoded within the genome in two different components (Davidson
2006). First, the coding sequences of regulatory genes are transcribed and
translated in order to produce regulatory proteins that mediate gene expression by
binding to target DNA sites in a sequence-specific manner. Second, regulatory
regions that are often located in noncoding stretches of DNA can control the
expression of genes by integrating multiple regulatory inputs in a single given cell.
Therefore, genomic DNA directs development by determining which genes will be
expressed and how they will drive development forward within each cell and at

every point in time.

Every cell in an organism contains an identical genome, with a few specialized



exceptions, and yet different cells can express different sets of genes and adopt
distinct cellular fates and functions. The relationship between the genomic DNA
sequence and gene expression activity is therefore not linear (Peter and Davidson
2015). Gene regulatory networks (GRNs) control how a collection of expressed
regulatory genes interact at the DNA level to determine the function and identity of
each spatial domain in the organism at every stage of development. GRNs explain
how cells can function differently despite having the same genomic information,
and why the complexity of established regulatory states increases as development

proceeds.

Specification, by which cells attain different regulatory states, is the basic process
responsible for organizing development. It is continuous, progressive, and
irreversible, and it is a direct functional output of developmental GRNs.
Specification drives development by partitioning embryos into distinct spatially-
organized domains that pre-program the fate and function of the cells which
descend from them. To reach a given specification state, cells go through various
regulatory states that lead from one to the next. The process often involves cell-
autonomous reconstruction of GRNs, which typically necessitates changing
patterns of gene expression, and also often requires inductive signaling interactions
between regulatory domains. Embryonic specification determines the structure and
complexity of animal body plans and is precisely regulated throughout
developmental time and space. Understanding how specification is regulated by

studying the underlying GRN structure can offer a causal explanation of how



development is controlled.

As a model system, the sea urchin offers many advantages for the study of the
molecular mechanisms underlying developmental events. These advantages include
a relatively slow growth rate which allows for the detailed capture of
developmental processes in high resolution, transparent embryos that are readily
accessible in large numbers year round, fewer copies of homologous genes due to
the lack of whole genome duplication, which eases functional genetic studies, and
straightforward and efficient gene transfer systems that do not rely on transgenic
animal lines. Over the past 20 years, this system has been further advanced by
novel molecular tools, genome sequencing, transcriptomics data, and improved
morphological understanding of cell fate specification. At present, maps of early
sea urchin development are highly comprehensive and comprise the specification of
nearly all the embryonic domains up to the pre-gastrular stage. The best known and
experimentally determined, large-scale embryonic GRN models are those of the
specification of endoderm and mesoderm in the embryos of the sea urchin
Strongylocentrotus purpuratus up to gastrulation (Davidson 2006, Peter and
Davidson 2010, Peter and Davidson 2011, Oliveri et al, 2002, Materna et al, 2013).
This GRN encompasses about half of the embryo, covering precursors of two
mesodermal lineages (skeletogenic mesoderm and non-skeletogenic mesoderm) and
two endodermal lineages (anterior endoderm, also known as veg2 endoderm, and

posterior endoderm, which is also know as the vegl endoderm). Major progress has



recently been made on the GRN linkages within other major territories including
oral and aboral ectoderm, the neurogenic ciliated band, and the later oral and aboral
mesoderm (Su, Li et al. 2009, Li, Materna et al. 2012, Li, Materna et al. 2013,
Materna, Ransick et al. 2013, Barsi, Li et al. 2015). Networks for neurogenic apical
plate specification and for the later development of gut are being rapidly solved (R.

Feuda and I. Peter, unpublished data)

Since there has been such a success in decoding the genomic program for sea
urchin embryonic development, the purpose of this introduction is to summarize
three essential aspects that necessitate our understanding about these developmental
processes: 1) Where and when embryonic lineage specification occurs; ii) How the
underlying GRNs are structured (network construction); iii) How differential gene
expression is being regulated (cis-regulatory analysis). The last part of the
introduction focuses specifically on the endoderm, with particular attention paid to

network architecture that specifies both the anterior and posterior endoderm.

SEA URCHIN EMBRYOGENESIS: SPECIFICATION OF CELL FATES

Embryogenesis in sea urchin S. purpuratus embryos has been reviewed extensively
(Davidson, Cameron et al. 1998). It exhibits radial holoblastic cleavage. The first
two cleavages pass through the animal and vegetal poles and produce 4
macromeres, both of which are essentially developmentally equivalent and

totipotent at this stage. The third cleavage is perpendicular to the first two cleavage



planes and generates 8 cells of equal size but of different developmental potential.
The 4 cells in the animal hemisphere of the embryo will ultimately specify to
ectodermal tissues and the 4 cells in the vegetal hemisphere will form endodermal
and mesodermal tissues. The fourth cleavage divides the cells of the animal tier into
eight mesomeres, each with the same volume; the vegetal tier, however, undergoes
an unequal cleavage in order to produce four large cells, the macromeres, and four
smaller micromeres at the vegetal pole. The fifth cleavage is also unequal and is
additionally desynchronized. The animal mesomeres and the vegetal macromeres
first undergo an equal cleavage followed by an asymmetrical division of
micromeres, which produces 4 small micromeres that remain at the vegetal pole
and 4 large micromeres that lie directly above. By the seventh cleavage, cells have
undergone additional rounds of division both laterally and equatorially. The
embryos now contain 128 cells with a number of distinct cell types having already
been specified. The cells in the animal hemisphere are specified into either
neurogenic apical plate or oral/aboral/lateral ectoderm. The vegetal hemisphere
macromeres are further divided into vegl and veg2 cells. The vegl layer cells will
later specify into vegetal ectoderm and posterior endoderm, whereas the veg2 layer
cells will give rise to the anterior endoderm and the non-skeletogenic mesoderm
(NSM). The large micromeres are specified to the skeletogenic mesenchyme (SM),
and the small micromeres will give rise to embryonic germ cells. A diagram
summarizing the lineage specification processes of sea urchin embryos including

these early stages of cleavages is shown in Figure 1.



The cellular fates of most lineages are achieved through conditional specification.
The only cells whose fates are determined autonomously are the SMs, meaning that
these micromeres will still form skeletal spicules if they are isolated from the
embryo and cultured in an in vitro condition (Okazaki 1975). The specification of
these SMs occurs as early as the 4™ cleavage and is triggered by the vegetal
localization of the maternal nuclear B-catenin, a nuclear effector of the canonical
Wnt pathway, in the micromeres. This asymmetric distribution of nuclear -catenin
is mediated by the maternal protein Disheveled that protects cytoplasmic B-catenin
from degradation in the vegetal cortex of the oocyte (Leonard and Ettensohn 2007,
Kumburegama and Wikramanayake 2008). Cytoplasmic [3-catenin then translocates
to the nucleus and forms a complex with T-cell factor (Tcf), converting it from a
repressor to an activator. At the same time, maternal Otx also enters the nucleus in
the vegetal pole (Kenny, Kozlowski et al. 1999). The combination of B-catenin
nuclear localization and maternal Otx directly activate the expression of pmarl in
the large micromeres, which in turn initiates the specification of the SM lineage
(Oliveri, Carrick et al. 2002, Oliveri, Tu et al. 2008). Between the 7™ and 9™
cleavage, the SMs located in the central vegetal plate of the embryo expresess Delta
ligands that can interact with the Notch receptors expressed in the adjacent veg2
cells. The Delta-Notch receptor signaling converts the inner layer of veg2 cells to
NSMs, which later give rise to pigment cells, immunocytes, and muscle cells. The
outer layer of veg2 cells further from the vegetal pole are not exposed to this Delta-
Notch signaling and instead initiate the expression of some early endodermal genes

including wnt ligands, due to the activating function of the maternal TCF/B-catenin



complex (Peter and Davidson 2010). The expression of wnt ligands in the veg2
endodermal cells then induces the accumulation of zygotic nuclear B-catenin in
adjacent vegl cells, which are consequently specified into the posterior endoderm
and the vegetal perianal ectoderm lineage (Cui et al. 2015) There is thus a cascade
wherein the asymmetric distribution of maternal nuclear B-catenin in the vegetal
pole micromeres induces large micromeres to become SMs. These SMs in turn
induce the specification and the fate determination between NSM and veg2
endoderm within the veg2 cells. Finally, veg2 induces the cells spatially located
above them to assume a vegl endodermal fate. In the animal half of the embryo,
cells of the ectodermal lineages are depleted of nuclear B-catenin. In fact, ectopic
expression of nuclear B-catenin in the animal hemisphere by lithium treatment
prevents the development of the ectodermal lineage, suggesting an antagonistic
function of nuclear B-catenin in specifying the animal ectodermal fates. Cells
located in the animal pole form the neurogenic apical plate which gives rise to
larval neurons, and the cells residing between the apical plate and the vegl
macromeres specify into either oral (ventral) or aboral (dorsal) ectoderm, which
will compose the majority of the larval body skin (Li, Cui et al. 2014). The partition
of the apical plate and the oral/aboral ectoderm along the animal-vegetal axis is
mediated by Wnt8 signaling, possibly through non-canonical pathways or via a
cascade of repressive mechanisms (Range, Angerer et al. 2013). Therefore, lineage
specification of sea urchin embryos along the animal-vegetal axis is largely
dependent on the asymmetric distribution of the maternal nuclear B-catenin and the

vegetal-specific activation of the Wnt signaling.



Non-apical ectoderm and NSM are further divided into oral and aboral
compartments (Li, Materna et al. 2012, Materna, Ransick et al. 2013). It has been
shown that Nodal signaling is necessary for the fate specification along the oral-
aboral axis for both ectoderm and NSM through activation of a homeodomain
repressor not (Li, Materna et al. 2012, Materna, Ransick et al. 2013). The
expression of not in the oral NSM leads to the repression of the aboral regulatory
state in the oral NSM and the expression of a specific set of regulatory genes that
constitute the oral NSM GRN. Similarly, the expression of nof in the oral
ectoderm represses aboral ectoderm genes and contributes to the bilateral spatial
organization of the embryonic oral ectoderm. Nodal signaling also indirectly
activates aboral genes by inducing the expression of bmp2/4, which is then
transduced to the aboral ectoderm to activate the aboral ectoderm specification
program. The asymmetric activation of nodal in the oral face is initially mediated
by Bzip transcription factors, the activity of which is redox sensitive and later
maintained by its antagonist Lefty in the aboral side (Nam, Su et al. 2007, Range
and Lepage 2011). Its later expression in the vegetal lineages requires a Wnt
signaling-mediated de-repression mechanism. Thus, lineages patterning along the
animal-vegetal axis and oral-aboral axis are interconnected and temporally
coordinated. As summarized above, cell fate specification in sea urchin embryos
is a coherent process initiated by asymmetrically distributed maternal inputs and

signaling transduction.
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Figure 1. Process diagram of lineage specification in sea urchin embryos.

The specification processes of all embryonic lineages during pre-gastular

development of sea urchin embryos are shown in respect to time and the radial

position along the animal-vegetal axis. Red arrows indicate separation of cellular

fates; the timing of events is specified. Figure adapted from Li, Cui et al. 2014

and Peter and Davidson 2010.

UNDERSTANDING THE ARCHITECTURE OF GENE REGULATORY

NETWORKS

GRNs are composed of regulatory genes such as transcription factors (TF) and
signaling mediators, as well as the interactions between them (Davidson 2006).
They consist of multiple modular entities, each of which is composed of the

regulatory interactions necessary for a discrete developmental task, e.g. response to



signaling induction, exclusion of another cell fate, or the activation of
differentiation effector genes. Experimentally establishing the structure of a GRN
involves the building of a logic map that reveals cause-effect linkage of the
regulatory factors involved (Davidson, Rast et al. 2002). Understanding how GRNs
are structured offers mechanistic insights into developmental events such as
specification and differentiation. The approach to constructing GRN models has
been successfully applied to sea urchin embryonic development, and had previously
been described thoroughly (Materna and Oliveri 2008). Here I summarize the key
steps of GRN models construction, including insights gained from recent studies

and from my own thesis research.

Before starting to map GRNSs, the embryological information of the cell lineages
await for GRN models construction need to be understood. This includes when
during development and from where in the embryo these lineages emerge. Other
important considerations include the types of adjacent groups of cells, and an
understanding of chancing cell-cell contacts as a result of cellular movement.
Answering these questions is essential in order to lay the groundwork that GRNs
models will be built upon. The position of cells in respect to the overall orientation
of the embryos and the neighboring cell lineages is also important, as this may
determine the initial inputs that start a specification program. Complexity within
embryos increases as development proceeds, and a single embryonic domain in a
given developmental stage can be further divided into multiple cell lineages during

subsequent stages. For practical reasons, it is common to constrain network model

10



construction to a specific time and space. One example is the GRN governing the
specification of sea urchin endomesoderm (Peter and Davidson 2010, Peter and
Davidson 2011). The network study was subdivided to first focus on the period
from 9-18h post-fertilization, before the separation of the endoderm and the
mesoderm, as well as the period 18-30h post-fertilization, when both lineages have

undergone divergent regulatory programs.

Another piece of information required before initiating GRN construction is the
characterization of regulatory states, although this is sometimes acquired in parallel
with the identification of network components as discussed below. Regulatory
domains transiently represent groups of identical cells that transcribe the same sets
of transcription factors. Characterization of these regulatory states during a
particular set of developmental events is important for network construction for two
reasons: 1) it reveals how the establishment of a cell lineage or subdivision of
embryonic domains occurs progressively with both spatial and temporal resolution;
2) this progressive establishment of regulatory states is the output of GRNs and can

be later used to validate the structures and logic of constructed networks.

Identification of candidate network components

Ever since the sea urchin genome was sequenced in 2006, it has provided

invaluable information into sea urchin biology. The genome encodes about 23000

genes and is roughly 800 megabases in size (Sodergren, Weinstock et al. 2006). It

11



contains nearly all bilaterian transcription factor families and a majority of known
signal transduction genes. All the genes that are active during regulatory processes
of interest can be identified by whole transcriptome analysis (RNA-seq) (Tu,
Cameron et al. 2012, Tu, Cameron et al. 2014). A complete list of network
components can be obtained in this way, and their relative level of expression can
also be quantified at the same time. The transcriptome of 10 different sea urchin
embryonic developmental stages is already available. Recently, these analyses have
been extended to individual cell populations, including presumptive pigment cells,
presumptive neurogenic cells, presumptive skeletogenic cells, cells from the
stomodeal region of the oral ectoderm, ciliated band cells, and vegl cells (Barsi, Tu
et al. 2014, Barsi, Tu et al. 2015). These data have greatly narrowed the search
range for regulatory components and expedited the pace at which GRN models can

be assembled.

Detailed temporal expression profiles for a majority of transcription factors have
been established from 0 to 48h post-fertilization at 1-hour intervals (Materna, Nam
et al. 2010). These profiles offer a wealth of information regarding the timing of
transcription factor activation as well as the kinetics of their consequent gene
regulation. Accurate characterization of the spatial expression of active
transcription factors is essential for the identification of network components. The
spatial gene expression patterns of many key transcription factor families have been
measured, including zinc finger factors, Ets family factors, Homeodomain proteins,

and nuclear mediators of some signaling pathways (Howard-Ashby, Materna et al.

12



2006, Materna, Howard-Ashby et al. 2006, Rizzo, Fernandez-Serra et al. 2006, Tu,
Brown et al. 2006). These analyses make it possible to estimate the composition of
regulatory inputs expressed in nearly all cell types and developmental stages in the

early sea urchin embryo.

Regulatory genes that are specifically expressed in the embryonic domain of
interest at during a time of interest are obvious GRN candidates. These genes do
not, however, necessarily constitute a complete list of GRN components. Genes that
are expressed more broadly and genes specifically excluded from the region of
interest should also be considered. Although genes expressed broadly or even
ubiquitously may not contribute to the spatial regulation of a particular
developmental process, they may still be important components for the execution of
GRN programs. For example, many genes in the endomesoderm GRN are activated
by ubiquitously expressed activators while being spatially restricted by repressive

mechanisms in other domains.

Another approach that has been successfully used to identify candidate genes
involved in the specification of vegetal or animal lineages is the usage of chemical
treatments that can transform embryos into either animalized or vegetalized
compartments by interfering with specific signaling pathways. It has long been
known that zinc treatment causes expansion of animal ectodermal domains while
repressing the vegetal endomesodermal lineage and the opposite effect is observed

upon lithium treatment (Poustka, Kuhn et al. 2007). By measuring changes in the

13



expression of regulatory genes in embryos treated with either chemical, genes
exhibiting significant up- or down-regulation can be identified as candidate
components for networks governing the specification of animal or vegetal domains.
This type of approach to identify candidate genes can potentially be applied to any
lineage known to undergo conditional/inductive specification processes. Candidate
genes identified using this approach are discovered as a functional output of
morphological changes, in the sense similar to perturbation analyses except for

being less specific, and is not based on temporal or spatial associations.

Examination of cause-effect linkages through perturbation analyses

Perturbation of the transcription or function of regulatory genes followed by
quantitatively and spatially monitoring the consequences of this disruption is an
essential step in building experimentally-derived GRN models. It is the only way to
convert temporal and spatial information into a functional understanding that is
composed of cause-effect linkages between regulatory genes. Perturbation analyses
need to be carried in a systematic order wherein the sequence of genes being
perturbed is dependent upon their temporal profiles. It is generally helpful to group
the genes by the timeframe when they are first expressed in a particular domain of
interest. Genes that are expressed first are often located at the top of GRN
hierarchy, and they are more likely to regulate genes expressed during later periods
of time. Therefore, it makes sense to first perturb early-expressed genes. This

principle is typically applied during network construction for sea urchin

14



embryogenesis.

Perturbation experiments can be designed to alter either gene transcription or
protein function. In either case, a successful perturbation experiment needs to be
demonstrably effective and specific to the target gene of interest. Perturbation
approaches are often divided into “loss-of-function” and “gain-of-function”
analyses. “Loss-of-function” analyses are the most efficient and commonly used
method for discovering target genes. Common experimental techniques for these
analyses include gene knockdown, which can be directed through morpholino anti-
sense nucleotides (commonly used in the sea urchin system), shRNA, or genetic
knock-out (only feasible in systems with genetic tools available such as mice or
Drosophila). The efficacy of gene knockdown experiments can be assessed via

immunostaining or western immunoblot.

Other approaches designed to interfere with the function of a protein of interest can
also be effective means of mapping regulatory wiring. These approaches may rely
on RNA cloning of synthetic proteins, such as proteins with truncated sequences or
which have been engineered to contain heterologous active or repressive domains.
When introduced into embryos, these synthetic proteins compete with the
endogenous proteins to either cause a functional loss of the endogenous protein or
to forcibly alter its role in the activation or repression of downstream genes. In
some cases these approaches are preferable to gene knock-down experiments,

despite relying on mRNA overexpression. For example, sea urchin ofx is a highly
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maternally transcribed gene, whose function cannot be easily disrupted through
morpholino perturbation. By creating a recombinant Otx protein containing its
DNA-binding domain fused with the repressor domain of Drosophila Engrailed,
this synthetic protein will now bind to its usual target genes but it will now repress
their transcription instead. Other successful examples include the use of truncated
forms of signaling receptors that lack intracellular domains to outcompete
functional endogenous receptors for available ligand, thus disrupting signaling
transduction. It is worth noting that introducing synthetic mRNA into the embryos
does cause the expression of genes in cells that do not normally express their
endogenous counterparts. This may cause off-target experimental artifacts due to
non-specific binding or effects occurring in unrelated domains. Therefore, the

amount of mRNA injected needs to be carefully controlled and tested.

“Gain-of-function” analyses are used to examine the effect of increased expression
and/or of ectopic expression of a particular gene. This is typically carried out via
the overexpression of in vitro transcribed mRNA into the embryos. While this
approach can be used to test the effect of increased candidate gene expression, it is
more often used to confirm regulatory wiring that has been already discovered.
With some exceptions, it is generally expected that if an effect is observed with
gene knockdown, the opposite effect should also be observed when this gene is
overexpressed. When the goal of a gain-of-function experiment is to test the effects
of ectopic gene expression, it is designed to test the sufficiency of the examined

gene to activate or represses its target genes in cells that do not normally express

16



this gene. In this type of experiment, the spatial effects of target genes need to be

carefully monitored.

Gain-of-function analyses are particularly useful when they are combined with gene
knockdown in a single experiment. These combinatorial experiments allow a
researcher to test the specificity of the perturbation by examining whether
overexpression of mRNA is able to rescue the effect of gene knockdown, and to
simultaneously discover intermediate regulators that can clarify network structure.
For the first purpose, mRNA of the same gene is introduced into the embryos — note
that it is important to be sure that this mRNA is “immune” to the gene knockdown
approach being used. For the second purpose, mRNA of different genes is
overexpressed. For example, functional disruption of gene A may decrease the
expression of both gene B and gene C; however, this effect may be rescued by
overexpression of B but not of C. These results collectively suggest a linear
regulatory pathway, in which A activates B and B then activates C. Precautions
similar to those discussed above must be taken when introducing synthetic RNA in
order to minimize the production of experimental artifacts. Several concentrations
of mRNA should be utilized, and the morphology of the injected embryos should be

carefully monitored before analyzing any molecular effects.

In the sea urchin model, perturbative agents are most commonly delivered to
fertilized eggs, and are thus ubiquitously present in all domains and at all stages of

development so long as they remain effective. This can be problematic for genes
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that are expressed in multiple domains and/or exhibit multiphasic expression. In
other system like mouse and Drosophila, this problem can be resolved via
conditional knockdown (e.g. tamoxifen-inducible gene knockout), but this still
remains a prominent issue for sea urchins. In the case of signal transduction, time-
specific perturbation can be achieved by treating embryos with small-molecule
inhibitors that can penetrate embryos during any desired developmental window. A
potentially useful method that may help to circumvent this problem is the creation
of tissue-specific reporter constructs such as BAC recombinants to drive the
expression of dominant-negative form of genes in a timely and spatially controlled
manner. In sea urchins these expression constructs clonally integrate into the
genome resulting in mosaic expression patterns, but it is nevertheless a useful
technique, particularly when using fluorescence-based cell sorting to isolate a
population of reporter positive cells in order to assess a regionalized effect of the

loss of gene function.

For network construction purposes, any perturbation analysis needs to be subject to
an accurate evaluation of its effects on gene expression in order to establish
regulatory linkages between genes. The effect of perturbation can be monitored
quantitatively using technique that allows for RNA quantification, such as qPCR,
Nanostring nCounter, RNA microarrays, or the spatial use of whole mount in situ
hybridization. Quantitative measurement is in some cases favored over spatial
regulation, but the opposite is often true whereby spatial measurement plays a more

dominant role. Quantitative measurement is typically faster and easier to scale-up,
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and it is therefore often used for the initial screening for target genes. In situ
hybridization, on the other hand, takes several days to complete and has a limited
ability to undergo multiplexing; nonetheless it is an invaluable and highly sensitive

method of monitoring spatial changes of gene expression.

Negative control experiments are extremely important for any perturbation analysis.
They provide a reference to which gene expression levels in the perturbed embryos
can be normalized. The choice of negative control depends on the perturbation
methods being used. For morpholino injection, a random mixture is often a good
control. For mRNA overexpression, mRNA of non-functional exogenous gene,
such as GFP, can be used. For chemical inhibition, the solvent solution, e.g. DMSO
and ethanol, is suitable as a negative control. In all cases, wild-type embryos should
be always included as a negative control to rule out any potential intrinsic issues

within the embryos.

Network models assembly

Network models assembly is the process of extracting and analyzing the
perturbation data and presenting them in the form of regulatory interactions
between network components. This process can be repetitive and is commonly
combined with perturbation analyses. Careful interpretation of perturbation
experiments is essential to minimize the numbers of false links. Biological repeats

for perturbation analyses are required, especially for the systems that have non-
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inbred genetic backgrounds such as sea urchins.

Although the goal of network assembly is to include all possible regulatory
interactions, it is more practical to start by focusing on smaller portions of the
network. Such subnetwork units are sometimes referred to as modules, wherein
genes are connected functionally. A provisional module can be identified directly
through perturbation analyses by identifying a set of genes that share a common
regulatory factor. Revisions and combinations of modules can then be made

through the use of further perturbation analyses.

Some computational tools are available to aid in the analysis of the perturbation
data and the visualization of results, with the most common tool used for sea urchin
GRNs being BioTapestry. It is a tool that can represent the structure and dynamic
properties of GRNs while also being able to interpret perturbation data and suggest
alternative network architecture that may be tested by additional experiments. It is
also useful for data storage, which makes it convenient for later reexamination and
modification of network structures. Other tools including ARACNE, GENIE3, and
GeneMANIA, all of which are made to infer GRN structures from large expression
profiles such as microarray datasets. These tools are often used in mammalian
systems and are designed to scale up the complexity of regulatory networks with
algorithms that predict interactions based on functional association, gene co-

expression, and protein co-localization.
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Perturbation analyses can indicate where regulatory linkages may exist; however,
they are limited in their ability to distinguish between direct and indirect
interactions. An example is a coherent feedforward loop, where gene A activates
gene B and both A and B are needed for the activation of gene C. Perturbation
analyses may fail to discover this sub-circuit, and will instead interpret it as a
sequential activation where A activates B and B then activates C. In other cases,
perturbation analyses may fail to predict regulatory interactions regardless of
whether they are direct or indirect. An example of this is an incoherent feedforward
loop, where gene A activates both gene B and gene C, while B represses C.
Perturbation of A can disrupt the activation of C that is mediated by its own
product, but it will also disrupt the repression regulated by B. The expression
change of C therefore may be undetectable due to the loss of opposing regulators.
In this case, the interactions can only be resolved by cis-regulatory analysis of gene

C.
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UNDERSTANDING DIFFERENTIAL GENE EXPRESSION VIA CIS-

REGULATORY ANALYSIS (CRA)

Sea urchin zygotic gene transcription starts during early cleavages. Differential
gene expression can be already observed by the 5™ cleavages, approximately 6-7
hour post fertilization. At this time, foxq2 is specifically expressed in the 8
mesomeres at the animal hemisphere, while eve is expressed in the 4 macromeres
and 4 micromeres at the vegetal half of the embryos (Li, Cui et al. 2014) This
differential expression of foxg2 and eve is regulated by maternal B-catenin (Cui et
al. 2015). These two genes are likely the earliest known zygotic regulatory markers

for animal and vegetal fates, respectively.

The genome contains all the instructions necessary to process the maternal
anisotropies, signaling transduction, and TF inputs and to transform them into
differential patterns of gene expression. The sequences that provide these
instructions for gene expression are called regulatory sequences, and are often
referred to as cis-regulatory elements. They function as integrated TF binding
platforms, and are recognized both by major lineage specifiers and DNA binding
effectors of signaling pathways, allowing them to determine where in embryos and
when during development to activate or repress the expression of a given gene.

Characterized by their functions, these elements are classified as “promoters” which
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are proximal to the genes and are essential for transcription initiation, “repressors”
which can inhibit the expression of genes, “insulators” which obliterate enhancer—
promoter interaction when present between them preventing non-cognate enhancer—
promoter crosstalk, and “enhancers” that can be bound by regulatory factors to
interact with promoters therefore to enhance the transcription of genes (Matharu
and Ahituv 2015). Among these elements, enhancers exhibit wide functional
diversity between tissues, suggesting that these elements have an important role in
determining tissue specific gene expression (Heintzman, Hon et al. 2009).
Identifying cis-regulatory elements and annotating functional TF binding sites
within them provides crucial insights into how specific patterns of gene expression
are achieved. This is also an invaluable approach for confirming, revising, and also
constructing network linkages. Below is a summary of the essential steps involved
in cis-regulatory analysis, with a focus on the methods applied in sea urchins in
addition to some discussion of approaches in mouse and Drosophila models. A

summary of experimental procedures is illustrated in Figure 2.
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Figure 2. A pipeline for cis-regulatory analysis.

This flowchart summarizes the experimental design for cis-regulatory analysis.
Boxes represent each step in the analysis and the lines indicate the experimental
procedures to be conducted in order to proceed to the next step. Three paths are
carried in parallel that each starts with a BAC reporter construct (light green), the
genomic sequence of the gene (dark green), and the co-expressed TFs (blue),
respectively.

Identification of cis-regulatory elements

A large bacterial artificial chromosome (BAC) library with average of 100kb of
sequence per clone is a helpful resource to initiate CRA. A BAC covering the gene
of interest can be identified by northern blot from the BAC library using gene
specific probes. Homologous recombination is then used to generate a BAC

reporter construct by knocking a reporter gene in frame into the first exon. When



injected into sea urchin embryos, the BAC reporter can give quantitative as well as
spatial information of the regulatory functions of the sequence contained therein.
This information is subsequently compared to endogenous patterns of gene
expression in order to confirm whether the BAC sequence is sufficient to generate
correct gene expression. Once confirmed, the BAC reporter will highlight a
genomic region that can be screened for smaller cis-acting elements as well as a

sequence platform for the testing of the necessity of the these elements.

There are two general approaches used to identify cis-regulatory elements:
candidate approach and unbiased systematic approach. In the candidate approach,
phylogenetic footprinting is a useful means of finding regulatory sequences by
comparing these sequences in different sea urchin species. The rationale behind this
is that the regulatory sequences are more likely to be constrained during evolution
relative to other DNA sequences that do not contribute to gene expression. Another
candidate approach that has just been recently adopted is using ATAC-seq data.
ATAC-seq analysis is a transposon-based method that measures chromatin
accessibility (Buenrostro, Giresi et al. 2013, Buenrostro, Wu et al. 2015). DNA
sequences where the transposase integrates are indicated as regions of open
chromatin, which often correlate with the functional sequences. ATAC-seq data for
7 stages of sea urchin Strongylocentrotus purpuratus development covering 18 to
70hr  post-fertilization = are = now  available at the  EchinoBase

(http://www.echinobase.org/Echinobase/). This comprehensive dataset is useful for

predicting candidate regulatory sequences. However, this method is not a direct
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measurement of DNA regulatory activity, and as such any region that binds protein
complexes and prevent chromatin occupancy, including gene bodies and insulators,
would show up as positive results. To overcome this caveat, looking for regions that
show dynamic chromatin accessibility across many development stages (it is known
that regulatory elements drive gene expression in a time dependent manner) may

allow for the elimination of false positive results.

In other systems such as mouse and Drosophila models, a variety of other candidate
approaches have been applied towards the discovery of regulatory elements. These
include epigenetic profiling of histone signatures such as H3K27ac and H3K4mel
which mark enhancers, DNase-seq/MNase-seq/FAIRE-seq that also detect open
chromatin regions, and chromosome conformation capture based methods (3C, 4C,
5C, Hi-C, and ChIA-PET) that utilize nuclear proximity ligation to assess physical
interaction between enhancer and promoter. The sea urchin has not yet adapted to
these methods due to the difficulty of obtaining sufficient homogenous cell
population as well as a lack of good antibodies. Nonetheless, it is believed that
these methods will become feasible in the sea urchin in the future and will greatly

accelerate the speed of regulatory element discovery.

The potential regulatory regions identified by the above described candidate
approaches are all based on indirect measurement of enhancer activity, and thus
must undergo functional validation in vivo. In sea urchins this validation is carried

out using a reporter assay in which candidate sequences are placed in front of either
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a gene endogenous basal promoter or a heterologous basal promoter fused to a
reporter gene — the basal promoters of endol6, gatae, and nodal are often used in
this assay. The reporter constructs are then introduced into embryos via injection at
the 1-cell stage, and they then concatenate and incorporate into the genome. The
regulatory activity of the potential element is then characterized by measuring the

temporal and spatial expression of the reporter.

As for an unbiased systematic approach, every single nucleotide sequence of the
BAC is subjected to testing for regulatory capability. The establishment of a high-
throughput reporter system by Nam ef al. (Nam, Dong et al. 2010, Nam and
Davidson 2012), in which each reporter gene is coded with an unique barcode that
can be distinguished by either qPCR primers or Nanosting nCounter probes, has
greatly increased the scale of these analyses in sea urchins. By pooling many
barcoded reporter constructs together, it is possible to simultaneously measure the
regulatory activity of up to 129 different DNA sequences. Similar reporter systems
with even higher throughput benefitting from next generation sequencing
technologies have also been developed in mouse and Drosophila models. STARR-
seq is an approach first developed in Drosophila which is able to assess enhancer
activity for millions of DNA fragments during a single experiment (Arnold,
Gerlach et al. 2013). Its unique design relies upon DNA sequences that are placed
downstream of a minimal promoter, allowing active enhancers to transcribe
themselves, serving as their own barcodes. The activity level of each enhancer is

reflected by its richness among cellular RNAs. Massive Parallel Reporter Assay is
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another approach that was developed in the mammalian system (Smith, Taher et al.
2013). Its design principle resembles the high-throughput barcode reporter assay in
sea urchins. The main difference is that it utilizes a randomly synthesized sequence
for tagging the luciferase reporter, which then can be read out by RNA sequencing.
Both STARR-seq and Massive Parallel Reporter Assay rely on viral infection for
delivery. The reporter constructs introduced into cells remain in an
extrachromasomal form during development and do not incorporate into the
genome, which needs to be taken into consideration when interpreting the results

generated using these approaches.

The reporter-based screening approach is undoubtedly an efficient means of
discovering enhancers. However, it has two caveats: 1) it can only identify
enhancers and not other regulatory elements such as repressors; 2) it only measures
the regulatory capacity of DNA fragments in an isolated form out of its genomic
context, and it thus does not test the necessity of nor capture the interactions among
regulatory elements. To overcome these shortcomings, studying a regulatory
element in its native genomic environment is particularly helpful. Deletions of
regulatory elements in the genome can be achieved in mice, Drosophila, and some
other model systems through recombination systems such as Cre/lox and FLP/FRT,
or through genome editing techniques such as CRISPR/cas9 and TALEN. These
methods have not been well established in the sea urchin, and an alternative
approach is the use of a BAC library, which is a useful system to conduct sequence

manipulation (i.e. deletions and mutations) that potentially mimics the sequence
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changes in the genomic context.

Identification of functional binding sites and associated trans-acting factors

After the discovery of active regulatory elements, a series of deletions need to be
conducted at both ends of this sequence to search for the smallest fragment which is
necessary and sufficient for the reporter activity called the “minimal element”. The
length of minimal elements can vary from 200bp to 1kb; however, the smaller the
minimal sequence isolated, the easier it is to identify transcription factor binding
sites located therein. The next step is to locate positions of functional sequences,
which can be also done through deletion series. Deletions are either designed to
sequentially target the entire region of the minimal elements or to progressively
trim down these sequences from both ends. The deleted regions containing
regulatory function will be revealed by measuring the reporter activity of the
deleted construct compared to the wild type reporter construct. These functional

sequences are then subjected to be assessed for transcriptional binding sites.

Several software packages are available to identify putative transcription factor

binding sites, including Jaspar (http://jaspardev.genereg.net), UniProbe

(http://thebrain.bwh.harvard.edu/uniprobe/index.php), and cis-bp

(http://cisbp.ccbr.utoronto.ca). All of these databases contain a collection of

transcription factor binding motifs that are either experimentally identified or

generated as position weight matrices by SELEX sequencing. A search using any of



these databases will generally turn up many false positives (binding sites that are
not in fact functional). A feature of cis-bp that allows for the scanning of
differential binding sites between two sequences can potentially filter out false
positive sites when an inactive sequence is used as negative control. Once the
putative binding sites have been identified, these candidate sites are disrupted by
PCR-directed point mutagenesis. Multiple binding sites can be mutated altogether
in one construct or separately in different constructs. These constructs are next
barcoded and pooled into one injection for the simultaneous measurement of the
effects of these mutations on the ability of these regulatory elements to drive
reporter expression. It is important to examine both the quantitative effects but also
the spatial changes of these mutations. For example, a mutation causing ectopic
expression that doubles the number of cells expressing a reporter gene would not
show a significant increase in reporter activity when measured by qPCR. To assess
the spatial effects, mutated reporter constructs need to be examined individually,
and wild-type constructs bearing a different reporter can be used as internal
controls. To test for regulatory necessity it is also important to perform site
disruption in a larger construct, such as the BAC reporter itself or even in the

genome.

After identifying functional binding sites, the next step is to connect these sites to
their trans-acting transcriptional factors. Binding sites of closely related factors
from the same family may sometimes be indistinguishable and ambiguous; this is

often the case when cross-searching databases of other species. For example, a sea
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urchin sequence may contain hits for Hoxal and Hoxal3 binding sites predicted by
mouse databases. However, these sites are not necessarily associated with the
binding of the sea urchin homologs Hox1 and Hox11/13 and may instead function
through other Homeodomain proteins. It is thus necessary to always confirm the
binding factors using perturbation analyses, wherein potential regulatory factors are
knocked down using morpholinos and expression changes of the endogenous gene
and minimal reporter constructs are measured. In many cases perturbation is also
not sufficient to confirm the direct interaction of transcription factors and their
putative binding sites. An example is a sequential activation involving two
activators of same transcription factor family (e.g. forkhead family): forkhead factor
A activates forkhead gene B which in turn activates gene C (A>B—=>C). CRA of C
may identify functional forkhead protein sites and perturbation of A can decrease
the expression of C, and therefore it is easy to interpret A as the direct activator of
C and to fail to identify B. In cases like this, direct measurement of a physical
interaction between transcription factors and their binding sites using ChIP-based
experiments (ChIP-pcr and ChIP-seq) or in vitro electrophoretic mobility shift

assay (EMSA) will be helpful.

THE ENDODERM GENE REGULATORY NETWORKS

The above has provided an overview of sea urchin embryogenesis, an approach for

GRN model construction, and methods for cis-regulatory analysis. Below I

summarize the key features of endoderm specification in the sea urchin embryo
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from the perspective of the underlying gene regulatory network. The specification

of sea urchin endoderm and the underlying GRN mechanisms are shown in Figure
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Figure 3. The specification of endoderm lineages and the underlying gene
regulatory structure. (A) Schematic representation of the specification processes
that lead to the formation of endodermal lineages. Two precursor cell lineages in
which these processes occur are veg?2 and vegl macromeres. A common
endomesoderm regulatory state is active in the veg2-derived cells before the
separation of veg2 endoderm and veg2 mesoderm (also known as non-skeletogenic
mesoderm), which occurs between 15-18hpf. A second set of endoderm derives
from the inner vegl cells that are in an immediate contact with the veg2 cells and
become the posterior endoderm. (B) The endomesoderm GRN. Regulatory
interactions between transcription factors are shown as activating arrows or
repressing bars. Regulatory genes turned on exclusively in mesoderm precursor
cells are shown in blue boxes. This model summarizes all interactions in the
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endomesoderm up to 18hpf. For individual time points for each interactions as well
the interactions between and within the neighboring lineages at the same stage,
please visit http://sugp.caltech.edu/endomes/. (C) Anterior and posterior GRNs
between 21 to 30hpf.

Endomesoderm GRN and separation between NSM and the endoderm

The sea urchin anterior endoderm and non-skeletogenic mesoderm, also known as
the veg2 mesoderm, are both derived from the veg2 lineages and share a common
cell lineage ancestry during the early development (Peter and Davidson 2010).
These two cell fates become spatially separated by the exclusive activation of
respective specification programs in a subset of cells. This complete discrimination
of endoderm and mesoderm precursor cells in the veg2 lineages occurs after the

mid-blastula stage at about 18 hours post-fertilization (Figure 3A).

Before mid-blastula stage, cells of veg2 progeny share the same regulatory state
governed by the endomesoderm GRN (Figure 3B). The initial inputs into this GRN
are largely maternal and include maternal B-catenin, maternal Soxbl and maternal
Otx. Several endodermal regulatory genes have been shown to be specifically
expressed in these cells, among which the earliest expressed genes are wntS, eve,
blimp1b, and hox11/13b. The expression of wnt8 begins as early as the 4™ cleavage
in the micromeres, and later expands to the veg2 macromeres. At 15h post-
fertilization it is specifically expressed in the veg2 cells, and by 18h, it becomes

excluded from these cells and is instead only expressed in the adjacent vegl
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progeny cells. The expression of eve exhibits a similar dynamic. Its expression
starts at 5" cleavage (about 7h post-fertilization) in both macromeres and
micromeres. A few hours later, at 12h post-fertilization, its expression is specific to
the veg2 cells, and then become restricted to the vegl cells after 15h post-
fertilization. Blimp1b has maternal transcripts; its zygotic expression starts from the
micromere and is later specific to the veg2 cells. Hox11/13b expression begins at
about 9h post-fertilization, and its expression is exclusive to the veg2 cells before
18h post-fertilization. A second wave of gene activation results in the transcription
of foxa and brachyury (bra). The expression of these two genes occurs in early

blastula embryos at12h and is specific to the veg2 cells.

Tef and the co-activator B-catenin are responsible for initiating the expression of
endodermal regulatory genes in the endomesoderm GRN. Cis-regulatory analyses
of blimplb, foxa, and hox11/13b have shown that Tcf directly contributes to the
activation of these genes in veg2 cells where nuclear B-catenin is present, whereas it
represses the expression of the same genes in other cells where nuclear B-catenin is
replaced by the repressor Groucho (Smith and Davidson 2008, de-Leon and
Davidson 2010). The differences in the timing of the initial activation and the
spatial dynamics of these Tcf target genes indicate that other regulatory inputs are
required for their expression. Indeed, cis-regulatory studies have discovered that,
besides Tcf/B-catenin, the expression of blimplb also requires Otx (Smith and
Davidson 2008); similarly, the expression of foxa requires Otx and Hox11/13b (de-

Leon and Davidson 2010).
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The activation of the mesodermal regulatory program begins between the 7" and 9™
cleavage (~9-15phf), when Delta ligands are expressed in the large micromeres and
induce the specification of NSM in the adjacent veg2 tier where its receptor Notch
is present. Gem, a direct target gene of Delta/Notch signaling, is initially expressed
in all 16 veg2 descendants at 7" cleavage and is required for the activation of the
NSM specification GRN (Ransick and Davidson 2006). The expression of gcm
activates gatae, whose activation in turn initiates the expression of mesodermal
gene ese. Before the separation, endomesoderm precursor cells co-express
transcription factors required for endoderm and mesoderm specification, and there
seems to be little regulatory interaction between the two GRNs. After the 8"
cleavage, the veg?2 cells divide vertically to form two tiers of 16 cells, of which only
the inner ring is in the direct contact with micromeres. The separation of mesoderm
and endoderm in the veg2 progeny begins at this time, when gem is only expressed

in the inner veg?2 cells.

By 18h post-fertilization, NSM and veg2-derived endoderm have permanently
separated their fates. Endodermal regulatory genes such as hox11/13b, foxa, and
blimp1 are no longer expressed in the mesoderm precursor cells located in the inner
ring of veg2 lineage and are specifically expressed in the outer veg2 cells. The
clearance of endodermal genes from the NSM also depends on Delta/Notch
signaling. Evidence shows that perturbation of either Delta or Notch caused foxa

and blimp1b to continue to be expressed in the NSM at 24h (Croce and McClay
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2010, Sethi, Wikramanayake et al. 2012). A cis-regulatory study of foxa showed
that Tcf target sites are also required for this clearance: mutation of Tcf sites caused
foxa transcripts to linger in the mesodermal cells (de-Leon and Davidson 2010).
Thus, the same Tcf sites that are used to activate the expression of endodermal
genes execute the opposite function and repress the expression of the same genes in
mesoderm precursor cells. One possible explanation is that Delta/Notch signaling in
the mesodermal cells interferes with the nuclear localization of B-catenin, leading to

the Tct/Groucho-mediated repression.

Veg2 endoderm (anterior endoderm) GRN

Positioned at the top of veg2 endoderm GRN is hox1/13b (Peter and Davidson
2011). Transcripts of hox11/13b are transiently expressed in the veg?2 endoderm;
after 21h, they become only detectable in the adjacent vegl cells that later give rise
to the hindgut (Peter and Davidson 2011). Despite its transient expression,
Hox11/13b plays a prominent role in activating the veg2 endoderm GRN (Figure
3C). It provides activation linkages for many important factors including blimp1b
and foxa. Another very important early coordinator of the veg2 endoderm GRN is
the Wnt signaling machinery (Cui et al. 2015). Perturbation of Wnt signaling by
small molecules interfering with Wnt protein secretion significantly decreases the
expression level of almost all endodermal regulatory genes. Through morpholino
perturbation of the individual wnt genes, we now know that this activation function

is executed specifically by Wntl and Wntl6 (for a detailed description of the
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analysis refer to Chapter 2).

Because hox11/13b is no longer expressed in the veg2 endoderm after 21h,
additional activators must be required to maintain the veg2 endoderm-specific
expression of foxa and blimp1b. Cis-regulatory studies have identified Otx as their
direct activator. Otx is partially supplied by maternal transcripts, and its zygotic
expression depends on its own proteins, GataE, and Blimp1b, which are themselves
regulated by Otx (Smith, Theodoris et al. 2007). The expression of otx is therefore
maintained by multiple positive feedback loops. These genes involved in the
feedback regulation of ozx form a sub-circuit that is referred to as the endodermal
kernel. This kernel is essential for endodermal development and is conserved even

in the distantly related starfish Asterina miniata (Hinman and Davidson 2007).

Additional players in the network include myc, krl, brnl/2/4, tgif, Hh, and dac. Myc
and krl are expressed before 18h and are likely the immediate output of the
endodermal kernel. Brnl/2/4, tgif, Hh, and dac are expressed a few hours before
the onset of gastrulation. In this time period, the number of regulatory interactions
has increased markedly. These later activated endoderm genes are at the periphery
of the pre-gastrula endoderm GRN; nevertheless, they still receive regulatory inputs
both from the top (endoderm kernel: otx, blimp1b, gatae, and foxa) and the middle

(krl and myc) of the network hierarchy.

Before skeletogenic mesoderm cells ingress to the blastocoel, the NSM mesodermal
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GRN runs independently of the veg2 endodermal GRN, as none of the mesodermal
genes were affected in embryos injected with a hox11/13b morpholino (Peter and
Davidson 2010). However, soon after the skeletogenic mesoderm cell ingression,
the expression of delta is activated in the NSM cells (Materna, Ransick et al. 2013).
The veg2 endoderm is then in physical contact with the delta expressing cells, and
has the potential to activate the expression of gcm and initiate the pigment cells
specification program. To avoid doing this, the endoderm GRN now has activated
its “defense” mechanism, wherein foxa is employed to repress the expression of
gem in order to prevent pigment specification. In the embryos injected with a foxa
morpholino, not only do the embryos fail to specify gut, but they also have an
elevated number of pigment cells, which can be explained by de-repression of gcm

(Oliveri, Walton et al. 20006).

Vegl endoderm (posterior endoderm) GRN

The GRN specifying the vegl endoderm is shown in Figure 3 C. Within the vegl
lineages only the inner cells in the proximal regions of veg2 cells specify to
endoderm, whereas the outer cells give rise to the vegetal ectoderm (Ransick and
Davidson 1998, Peter and Davidson 2011). The specification of vegl endoderm
starts at mesenchyme blastula stage (about 21h). The first gene specifically
expressed in these cells is hox11/13b, whose activation at this time is regulated by

Eve (Peter and Davidson 2011), and Wnt1/Wntl6 (Cui et al. 2015). Eve expression

38



spatially defines the vegl regulatory state beginning at 15h, but its regulatory
function to hox11/13b can be detected only after mesenchyme blastula stage. Eve
morpholino showed no effect on any regulatory genes other than itself at 18h. Wnt/
and wntl6 are required for the activation of hox11/13b in the vegl endoderm, and
are also target genes of Hox11/13b regulation (Cui et al. 2015). The earlier
expression of hox11/13b in the veg2 endoderm activates the transcription of wntl
and wntl6. Wntl and wntl6 are then translated and secreted, interacting with the
adjacent vegl cells to activate the expression of hox11/13b, which in turn again
activates wntl and wntl6 transcription in these same cells. Thus, the vegl
endoderm GRN is temporally controlled by Wnt signaling expressed under control
of the veg2 endoderm GRN, and is then maintained by a positive feedforward

regulatory loop formed between wntl/wnt16 and hox11/13b.

Following hox11/13b, bra is also expressed in the vegl endoderm after 24h. Its
dynamic spatial expression is mostly a function of regulatory inputs provided by
Hox11/13b and Tcf in both veg2 endoderm and vegl endoderm. Another vegl
endoderm regulator is Anfl, whose expression is regulated by both Eve and Bra. It

is initially expressed at approximately 24h and is specific to the vegl endoderm.

The precise activation of the vegl endodermal GRN completely depends upon the
spatial and temporal regulation of hoxI1/13b. For the network to operate
exclusively in the inner cells of the vegl lineage, expression of hox11/13b must be

repressed in the veg2 endoderm and also not to be activated in the outer cells of the
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vegl lineage. This repression in the veg2 endoderm is mediated by auto-regulation.
Perturbation of its own translation causes ectopic accumulation of hox!1/13b
transcripts in the veg2 endodermal cells and also abolishes its expression in the
vegl endoderm (Peter and Davidson 2011). An interesting question is what keeps
the expression of hox11/13b out of the vegl ectoderm especially considering the
activator Eve is ubiquitously expressed in the vegl lineage. The spatial expression
of hox11/13b is also important in defining the boundary between the endoderm and
the ectoderm. Perturbation of hox/1/13b causes expansion of vegetal ectodermal

genes, including /im1, vegf3, and hox7, to the vegl endoderm (Li, Cui et al. 2014).

Theme of thesis

As described above, the cellular fates of most lineages in sea urchin embryos are
achieved through conditional specification suggesting the importance of signaling
transduction in mediating embryonic partition. The availability of advanced GRN
models of sea urchin development presents a unique opportunity to address the
functions of signaling interactions in cell fate specification at the system-wide level.
Specific questions are: 1) What are the regional specification GRNs that signaling
pathways have functions into, either activating or repressing, within the whole
embryos? 2) Which level of the GRN hierarchy are these signaling interactions
feeding into? 3) How are the signaling molecules incorporated into their functional

GRNs and can we find a general structure that explains why certain function of
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signaling interaction is so conserved across different organisms while the same
signaling can also be deployed for a specialized function? Only a system like sea
urchins that has comprehensive morphological as well molecular understanding of
cell fate specification in particular the GRN structure is equipped for addressing

those questions.

To this end, we studied the function of Wnt signaling. As summarized above, it is
known that Wnt signaling is crucial for the activation of the endoderm GRNS.
However, previous research has often focused on the study of selected wnt genes in
isolated developmental context, e.g. only the mesodermal cells or endodermal cells.
Prior to this work we still lacked of global view of how the Wnt signaling system is
utilized in the GRNs specifying embryonic lineages. In Chapter 2, I show that Wnt
signaling is not required during early development, due to maternal nuclear f3-
catenin, but later specifically regulates endodermal as well as vegetal ectodermal
GRNs. I also show that Wnt ligands function by short range signaling between and
within regulatory state domains. Furthermore, I show that wnt/ and wntl6
incorporate into the posterior endoderm GRN by forming a positive feedback
circuit with posterior endoderm specifier hox11/13b. In addition, I show the specific
regulatory functions of Wnt ligands in embryonic patterning along the primary

vegetal-animal axis.

The importance of hox/1/13b in endoderm specification has been described at
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length in the above text. It activates both the veg?2 endoderm and vegl endoderm
GRNs. Its spatial expression is essential for the discrimination of cell fate between
the veg2 endoderm and the vegl endoderm, as well as between the vegl endoderm
and the vegl ectoderm. It is thus fair to say that our understanding of the endoderm
GRN is only as good as our understanding of information processing at the
hox11/13b locus. To this end, I conducted cis-regulatory analyses of the hox11/13b
locus. Chapter 3 summarizes this unpublished study, wherein the genomic control
of hox11/13b expression has been systematically dissected across an extensive
developmental timeframe up to 60h post-fertilization. This study has confirmed the
roles of current network inputs (Eve and Hox11/13b) as indirect regulators, and also
identified other new inputs. More importantly, it clarified the logic by which
different factors function combinatorially to control the expression of hox11/13b at
different times and in different domains. Furthermore, the study found an inter-
modular AND regulatory gate that is required for the expression of hox11/13b
during the later development in the hindgut. Finally, Chapter 4 concludes with a

brief discussion of some implications of these studies.
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Chapter 2

Specific functions of the Wnt signaling system in gene regulatory

networks throughout the early sea urchin embryo

Cui M, S. N., Li E, Davidson EH, Peter IS. (2014). "Specific functions of the Wnt

signaling system in gene regulatory networks throughout the early sea urchin

embryo." Proc Natl Acad Sci U S A 111(47): E5029-5038. doi:

10.1073/pnas.1419141111

ABSTRACT

Wnt signaling affects many specification processes throughout development. Here
we take advantage of the well-studied gene regulatory networks (GRNSs) that
control pre-gastrular sea urchin embryogenesis, to reveal the gene regulatory
functions of the entire Wnt signaling system. Five wnt genes, three frizzled genes,
two sfrp genes, and two dkk genes are expressed in dynamic spatial patterns in the
pre—gastrular embryo of Strongylocentrotus purpuratus. We present a
comprehensive analysis of these genes in each embryonic domain. Total functions
of the Wnt signaling system on regulatory gene expression throughout the embryo
were studied by use of the porcupine inhibitor C59, which interferes with zygotic
Wnt ligand secretion. Morpholino-mediated knock-down of each expressed Wnt

ligand demonstrated that individual Wnt ligands are functionally distinct, despite
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partially overlapping spatial expression. They target specific embryonic domains
and affect particular regulatory genes. The sum of the effects of blocking
expression of individual Wnt genes are shown to equal C59 effects. Remarkably,
zygotic Wnt signaling inputs are required for only three general aspects of
embryonic specification. These are broad activation of endodermal GRNs, regional
specification of the immediately adjacent stripe of ectoderm, and the restriction of
the apical neurogenic domain. All Wnt signaling in this pre-gastrular embryo is
short range (and/or autocrine). Furthermore we show that the transcriptional drivers
of wnt genes execute important specification functions in the embryonic domains
targeted by the ligands, thus connecting expression and function of wnt genes by

encoded cross-regulatory interactions within the specific regional GRNs.

INTRODUCTION:

The formation of spatial patterns of gene expression and the development of the
body plan are controlled by gene regulatory networks (GRNs). Signaling
interactions have a particular role in these networks, in that they provide the means
of communication between cell fate specification processes operating in separate
cellular domains. The timing, location, and function of each signaling interaction is
determined by GRN linkages that control the expression of signaling ligands and
receptors, as well as the expression of regulatory genes in response to a
combination of signaling inputs and cell fate specific transcription factors. Cell fate

specification GRNs active during pre-gastrular development of the sea urchin
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Strongylocentrotus purpuratus are particularly well understood. During the first
30h of sea urchin embryogenesis, more than 15 gene expression domains are
formed, and specifically expressed regulatory genes have been identified for each
domain. In most cases, the regulatory mechanisms determining their spatial
expression patterns have been resolved. Thus fairly complete GRN models have
been constructed for the majority of cell fate domains in the pre-gastrula stage
embryo (Oliveri, Tu et al. 2008, Peter and Davidson 2010, Peter and Davidson
2011, Li, Materna et al. 2013, Materna, Ransick et al. 2013, Li, Cui et al. 2014).
The sea urchin GRN models at this point incorporate more than 60 regulatory genes

and their interactions, and cover almost the entire embryo.

The principle organization of mesodermal, endodermal and ectodermal cell
fate specification domains in sea urchin embryos along the animal-vegetal axis is
summarized in the diagram in Fig. 1A. Cells located at the vegetal pole will
become skeletogenic mesodermal cells. These cells are surrounded by the veg2 cell
lineage, consisting of the veg2 mesodermal cells, located adjacent to skeletogenic
cells and giving rise to all other mesodermal cell fates such as esophageal muscle
cells, blastocoelar cells and pigment cells, and to veg2 endoderm cells, which will
form the foregut and parts of the midgut. At a further distance from the vegetal pole,
but still within the vegetal half of the embryo, is the vegl lineage, consisting of
vegl endoderm, located adjacent to veg?2 endoderm and giving rise to the other
parts of the midgut and the hindgut, and of vegl ectoderm, the future peri-anal

ectoderm. Finally, the animal half of the embryo forms exclusively ectodermal cell

56



fates, with apical neurogenic cell fates being specified in cells at the animal pole.

The response to Wnt signaling is mediated by several alternative
intracellular signaling pathways. In the canonical Wnt signaling pathway, signaling-
dependent gene expression is controlled by the transcription factor Tcf/Lef, which
forms a complex with the co-activator f-catenin in cells that are receiving Wnt
signaling, but with the co-repressor Groucho in the absence of Wnt signaling
(Range, Venuti et al. 2005). Transcriptional control by Tcf/Lef thus effects a
Boolean readout of gene expression, mediating activation or repression of the same
target genes in cells with or without Wnt signaling (Peter, Faure et al. 2012). Cis-
regulatory analyses including mutation of Tcf binding sites have demonstrated
direct control by Tcf in the skeletogenic GRN of S. purpuratus embryos, where the
regulatory gene directly responsive to Tcf, pmari, operates at the top of the GRN
hierarchy (Oliveri, Davidson et al. 2003, Oliveri, Tu et al. 2008, Smith and
Davidson 2009). Furthermore, most if not all regulatory genes expressed in early
veg?2 endoderm and/or vegl endoderm cells of this embryo are direct targets of Tcf
(Smith, Kraemer et al. 2008, Ben-Tabou de-Leon and Davidson 2010, Peter and
Davidson 2010). Transcriptional control by Tecf is not only responsible for
activation of endodermal genes in future gut cells, but is also used to exclude
endodermal regulatory genes from the mesoderm (Ben-Tabou de-Leon and
Davidson 2010, Croce and McClay 2010, Peter and Davidson 2011, Sethi,

Wikramanayake et al. 2012). Furthermore, perturbation of particular Wnt ligand
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gene expression has revealed two additional cell fate specification GRNs to be
sensitive to Wnt signaling: one operating in ectodermal cells located closest to the
endoderm, which responds to Wnt5 signaling (McIntyre, Seay et al. 2013), and one
operating neuronal specification that is restricted to the apical domain by a

mechanism dependent on Wnt signaling (Range, Angerer et al. 2013).

To understand the particular functions of signaling interactions, however, requires
not only knowledge of affected target genes and cellular domains, but also
identification of the cells producing the responsible signaling ligand. As in many
other invertebrate embryos, the analysis of zygotic Wnt signaling functions in sea
urchin embryos has been complicated by the presence of maternally localized f3-
catenin at the vegetal pole (Logan, Miller et al. 1999). Here we determined these
zygotic Wnt signaling functions on a global scale, by assessing the temporal and
spatial expression of all genomically encoded genes producing Wnt ligands,
Frizzled (Fzd) receptors, or potential Wnt signaling antagonists during the pre-
gastrular development of S. purpuratus. We have summarized these expression
patterns abstractly, in order to highlight the signal-sending and signal-receiving
capacity for each cell fate domain. We analyzed effects of interference with Wnt
signaling on 172 specifically expressed regulatory genes, irrespective of the
intracellular signaling pathways which might mediate this function. For a system-
wide perturbation of Wnt signaling, we made use of the C59 inhibitor of Porcupine,

which interferes with the secretion of Wnt ligands and thus with all Wnt-dependent
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processes. We show that the only GRNs affected by C59 perturbation are the two
endodermal GRNs, the vegl ectoderm GRN, and the apical neurogenic GRN. For
each GRN affected by C59-mediated inhibition of Wnt signaling, we identified the
responsible Wnt ligands using morpholino perturbations. Furthermore, by
identifying the upstream transcription factors activating wnt gene transcription, we
established functional linkages between the GRNs regulated by Wnt signaling and
the GRNs controlling Wnt ligand expression. Our intent was to achieve a system-
wide understanding of the roles of Wnt signaling in this phase of development and
for this embryo, and to generate a causal spatial regulatory analysis of Wnt

signaling inputs into the regional embryonic GRNs.

RESULTS:

Spatial and temporal expression of wnt, fzd, sfrp and dkk genes

The Wnt signaling system encoded in the genome of S. purpuratus includes eleven
wnt ligand genes and four frizzled (fzd) receptor genes (Croce, Wu et al. 2006). To
identify wnt and fzd genes expressed during pre-gastrular development (12h-24h),
the time courses of their expression levels were analyzed by QPCR (Fig. S1). Five
wnt genes (wntl, wnt4, wnt5, wnt8, and wnt16) are expressed in this embryo before
gastrulation, only one of them transcribed maternally (wnt/6, Fig. S1A,B). All
other wnt genes are not expressed at all until gastrulation, and even then their
transcript levels are very low (<100 transcripts per embryo). We cannot confirm the

observation of maternal wnt6 transcripts reported earlier (Croce, Range et al. 2011),
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and this conclusion is substantiated in our recent transcriptome study (Tu, Cameron
et al. 2014). Of the four fzd genes, fzd1/2/7, fzd5/8, and fzd9/10, were expressed at
high levels (>1000 transcripts) before 30h, while fzd4 begins to be transcribed only
just before gastrulation and was not further considered in this study (Fig. S1C).
Four genes encoding potential inhibitors of Wnt signaling were also found to be
expressed during early sea urchin embryogenesis. These are genes encoding
Dickkopf proteins, dkkl and dkk3, and two genes encoding secreted Frizzled-
related protein (SFRP), sfip1/5 and sfip3/4 (Fig. S1D).

The spatial expression patterns of all expressed wnt, fzd, dkk, and sfirp genes
during embryogenesis were analyzed at 3h intervals between 12h and 24h. Results
for wnt and fzd genes at 12h, 18h, and 24h post fertilization are shown in Fig. 1B,
and the complete data set is presented in Figs. S2 and S3. Similar results have been
established in the embryos of a related species of sea urchin, P. lividus (Robert,
Lhomond et al. 2014). Since the focus of this study is on identifying the function of
Wnt signaling in the interaction between different cell fate specification processes,
we have abstractly represented individual gene expression patterns according to
their embryonic expression domain (Fig. 1C). In the following we summarize the
expression patterns of genes encoding ligands, receptors, and potential antagonists
of the Wnt signaling system by embryonic regulatory state domain (cf. Fig.1A).

Skeletogenic mesodermal cells (SM) are the precursors of cells producing
the larval skeleton, and are located at the vegetal pole before they start to ingress

into the blastocoel at 21h. These cells inherit high levels of maternal nuclear 3-
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catenin and initially express wntl, wnt8, and wntl6, but only up to 15h (Fig. 1B,C).
No wnt gene is expressed in these cells thereafter. Thus after the degradation of
maternal Fzd1/2/7 proteins, skeletogenic mesoderm cells are most likely not
responsive to Wnt signaling, since no fzd transcripts are detectable in these cells.

Veg? mesodermal cells give rise to all other (i.e., non-skeletogenic)
mesodermal cell types including esophageal muscle cells, blastocoelar immune
cells, coelomic pouch cells, and pigment cells. Veg2 mesodermal cells express
wnt4, wnt5, and wnt8 early in development at 12h and 15h, and transiently also
wntl and wntl6 at 18h (Fig. 1B,C). However, after 18h and up to the onset of
gastrulation, mesodermal precursor cells do not express wnt genes. Similarly, early
expression of a fzd gene, fzd9/10, terminates after 15h, and only one fzd gene,
fzd5/8, is transcribed after 21h in a subset of mesodermal cells, located in the oral
portion of the veg2 mesoderm, consistent with earlier results (Croce, Duloquin et al.
2006). No sfrp or dkk genes are expressed in Veg2 mesodermal cells after 15h.
Thus most mesodermal cells, with the exception of oral mesodermal cells, express
neither wnt nor fzd genes after 18h and up to gastrulation, and are likely not to send
nor receive Wnt signaling.

Veg2 endodermal cells are the precursors of anterior endoderm, forming
the foregut and the aboral midgut (Ransick and Davidson 1998, Peter and Davidson
2011). These cells derive from the veg2 cell lineage, as do the mesodermal cells
above. The common ancestor cells of the veg2 mesoderm and veg2 endoderm cells
express wnt4, wnt5, and wnt8§ genes as well as fzd9/10 at 12 and 15h. Endodermal

and mesodermal cell fates become distinct in the veg2 lineage by 18h, and after that
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veg2 endodermal cells transiently express wntl and wntl6 at 21h, while no wnt
gene is expressed in this domain by 24h. Expression of fzd9/10 continues until 18h,
but no receptor gene is expressed in the anterior endoderm domain after that.
Furthermore, after 18h, genes encoding potential Wnt signaling inhibitors, sfip3/4
and dkk1, start being expressed in veg2 endodermal cells, suggesting that these cells
do not depend on Wnt signaling inputs after this time.

Vegl endoderm cells are the precursors of posterior endoderm, eventually
giving rise to the hindgut and the oral parts of the midgut. In an almost reversed
pattern compared to anterior endoderm precursors, the posterior endoderm domain
expresses no wnt genes before 18h, but by 24h all five wnt genes are expressed in
these cells. These cells also transcribe fzd9/10 at all times considered, while neither
sfrp nor dkk genes are expressed after the early ubiquitous expression of sfip3/4.
These results indicate that the vegl endoderm domain is capable of responding to
Wnt signaling through Fzd9/10 throughout pre-gastrula stages, while they also may
contribute to Wnt signaling after 18h.

Vegl ectodermal cells derive from the vegl lineage just as do the precursors
of the posterior gut, and ultimately give rise to ectodermal cells surrounding the
anus. From 18h on, before the separation of endodermal and ectodermal cell fates at
24h, vegl cells express wnt4, wnt5, and wnt8, and these genes as well as fzd9/10
continue to be expressed in vegl ectodermal cells at 24h (Fig. 1B,C). However,
unlike the vegl endoderm, vegl ectoderm cells do not turn on expression of wnt/

and wnt16. Sfrp and dkk genes are not expressed in the vegl lineage at pre-gastrular
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stages after 15h. Thus vegl ectodermal and vegl endodermal cells have a similar
potential to send as well as receive Wnt signaling.

Animal ectodermal cells include cells of various regulatory state domains of
the animal half, which all give rise to ectodermal cell types, the stomodeal
structures and neurons of the ciliated band (Yaguchi, Yaguchi et al. 2010, Angerer,
Yaguchi et al. 2011). These cells express no wnt signaling gene and no sfip or dkk
genes after 15h. However, these cells express one fzd gene, fzd1/2/7, at first in all
animal ectodermal cells, and by 21h exclusively in the oral ectoderm. Thus animal
ectoderm cells are capable of responding to Wnt signaling but do not themselves
emit Wnt signals.

Apical plate cells are the precursors of neurogenic cells at the animal pole.
These cells transcribe no wnt genes, but do specifically express fzd5/8 at all pre-
gastrula stages. Furthermore, these cells express sfip1/5, dkkl, and dkk3 genes at all
stages considered, and transiently also express sfip3/4. Based on these expression

patterns, cells of the apical plate likely neither respond to nor present Wnt signals.
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Figure 1. Spatial expression of Wnt signaling genes. (A) Schematic
representation of early developmental stages of S. purpuratus embryos showing
the spatial arrangement of regulatory state domains. SM, skeletogenic mesoderm;
vegl, veg2, cell lineages descended from 6™ cleavage ring of eight sister cells
each giving rise to the parts of the embryo indicated in the diagrams; veg2
mesoderm, also known as non-skeletogenic mesoderm. Animal ectoderm and
vegl ectoderm denote both oral and aboral ectodermal domains. (B) Whole mount
in situ hybridization (WMISH) of significantly expressed wnt and frizzled genes
at selected time points (12h, 18h, and 24h); additional time points for these genes
and expression patterns of dkk and sfrp genes are shown in Fig. S2 and S3. (C)
Expression matrix for each regulatory state domain, indicating expressed
(black/grey) or not expressed (colored background) of the examined Wnt
signaling genes every three hours, from 12h-24h. Regulatory domains are marked
by the same color code as in (A). Developmental stages include 12h (early
blastula), 15h (mid-blastula), 18h (hatching blastula), and 24h (mesenchyme
blastula).



System-wide perturbation of Wnt signaling by a Porcupine inhibitor

To achieve a system-wide perturbation of Wnt signaling, we made use of a
recently reported small chemical inhibitor of Porcupine, a membrane-bound O-
acyltransferase required for acylation of Wnt proteins. Porcupine-mediated
acylation of Wnts occurs at a conserved serine residue and is necessary for the
secretion of those Wnt proteins that include this serine residue. Experimental
perturbation of Porcupine interferes with secretion of all Drosophila Wnts except
WntD (which lacks the target serine residue), and all mouse and human Wnts
(Biechele, Cox et al. 2011, Herr and Basler 2012, Najdi, Proffitt et al. 2012,
Biechele, Cockburn et al. 2013). Small chemical inhibitors of Porcupine have been
recently proposed as efficient agents to interfere systemically with Wnt signaling in
clinical applications, and here we used the Porcupine inhibitor C59 (Chen, Dodge et
al. 2009, Lum and Clevers 2012, Proffitt, Madan et al. 2013). To test the efficacy of
C59 in sea urchin embryos, we first assessed the phenotypes that develop in the
presence of various concentrations of C59. Embryos treated with C59 showed no
apparent defects in early development at pre-gastrular stages, and the ingression of
skeletogenic cells occurs similarly as in control embryos. At late gastrula stage,
defects in gastrulation, development of the tripartite gut, and formation of
skeletogenic spicules were detected in a dose-dependent manner, while
specification of mesodermal pigment cells was not affected (Fig.S4A). Embryos
were exposed to C59 at different concentrations, and expression levels of the Tcf

target genes foxa, hoxI11/13b and eve were strongly reduced at 0.5uM, while
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expression of the mesodermal regulatory gene gcm remained unchanged (Fig. S4B).
Similarly, when expression of Porcupine was blocked by morpholino injection,
embryos showed defects in gut development as well as reduced expression levels of
the endodermal regulatory genes blimplb, hox11/13b, and eve, but not gcm. All
these results confirm both the specificity and the efficacy of C59-mediated
inhibition of Wnt signaling (Fig. S5A,B). Furthermore, all five expressed Wnt
ligands contain the conserved serine residue required for Porcupine-mediated
acylation, while surrounding amino acid sequences conform to a consensus
sequence recently identified in Porcupine targets (Rios-Esteves, Haugen et al.
2014), indicating that all five Wnt ligands should indeed require Porcupine for their
secretion (Fig. S5C).

The effect of inhibiting Wnt signaling by C59 treatment on regulatory gene
expression in all embryonic domains was detected by Nanostring nCounter analysis
using a probe set targeting 208 genes, including 172 genes encoding transcription
factors. Sea urchin embryos were treated with C59 starting at 1h after fertilization,
and gene expression levels were determined at 12h, 15h, 18h, 21h, and 24h. Results
are shown for a few selected genes expressed in each of the seven embryonic
domains in Fig. 2, and the complete data are listed in Table S1. A tabular summary
of experimental evidence for Wnt signaling effects on all specific target genes
addressed in this study can be found in Table S2. Of the 172 regulatory genes
monitored in this experiment, 147 were expressed at least at one stage during the
developmental time interval considered (Table S1). Treatment with C59 resulted in

the down-regulation of 16 regulatory genes, of which 10 genes are components of
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endoderm GRNs, and 5 are components of vegl ectoderm GRNs, while the

expression domains of gbx at 24h have not been resolved yet. In addition,
expression of 9 regulatory genes was up-regulated in embryos upon exposure to
C59, eight of which are known to be expressed in the apical neurogenic domain,
while the expression pattern of acsc is not known. The effects of C59 treatment on
the activity of GRNs specific to the individual embryonic regulatory state domains
can be summarized as follows.

Skeletogenic and veg2 mesodermal GRNs: Regulatory genes expressed in
skeletogenic cells include alxi, pmarl, dri, erg, etsl/2, tbr, tel, and tgif (Oliveri, Tu
et al. 2008). Expression of these genes is not changed in embryos exposed to C59,
except gif, which shows reduced expression levels at 24h, when it is expressed in
veg2 endoderm as well (Table S1). In veg2 mesodermal cells, specifically
expressed regulatory genes include gem, gatae, gatac, e2f3, erg, ese, etsl/2, hex,
proxl, scl, shr2, six1/2, and z166 (Materna, Ransick et al. 2013). Of these, only
gatae shows reduced expression levels upon C59 treatment, again at a time when it
is in addition expressed in veg2 endodermal cells. Expression of no other
mesodermal regulatory genes is affected by C59 (Table S1), indicating that
mesodermal cell fates do not require Wnt signaling inputs during pre-gastrular
development. This is in agreement with the absence of wnt and fzd gene expression
in most mesodermal cells after 18h (note that although oral veg2 mesoderm cells
later express firz5/8 (Fig. 1B,C), expression of the canonical oral mesoderm
regulatory genes prox1, gatac, erg, ese, and scl is impervious to C59).

Veg2 endodermal GRN: By 18h, the expression of all regulatory genes of the anterior



endoderm GRN that are exclusively transcribed in veg2 endoderm cells at this time,
namely, blimplb, foxa, hox11/13b, brachyury and krl/zI3 (Peter and Davidson
2010, Peter and Davidson 2011), is down-regulated in embryos treated with C59
(Fig. 2, Table S1). Two additional regulatory genes, myc and soxc, are expressed in
veg2 endoderm cells at 18h, but their whole embryo expression levels are not
affected by C59 treatment, possibly because these genes are also transcribed in cells
of non-endodermal fates. Thus most, if not all regulatory genes specifically
expressed in veg2 endodermal cells are down-regulated in C59 treated embryos.
This result is consistent with the observed expression of wnt and fzd genes in these
cells up to 18h. Furthermore, previous cis-regulatory evidence demonstrated that
transcription of most genes of the early endoderm GRN is controlled by Tcf/f-
catenin (reviewed in ref. Peter and Davidson 2010). However, the initial expression
of regulatory genes in endodermal cells prior to 15h is not affected by C59, and
indeed, treating embryos with C59 only after 15h has a similar effect on regulatory
gene expression at 24h as adding C59 at 1h after fertilization (Fig. S6A). For
comparison, in embryos where maternal as well as zygotic accumulation of f3-
catenin is inhibited by injection of mRNA encoding dominant negative cadherin,
expression of endodermal genes is affected at all times considered, starting at 9h
(Fig. S7). These results indicate that secreted Wnt ligands are not required for
regulatory gene expression in endodermal precursor cells prior to 15h, due to the

presence of maternal B-catenin. A similar observation was made in mouse
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embryos, where earliest developmental processes do not require Porcupine-

dependent Wnt secretion (Biechele, Cockburn et al. 2013).

Vegl endodermal GRN: By 15h, the regulatory gene eve is expressed throughout the vegl
lineage, and by 21-24h, its product is responsible for activating the expression of
regulatory genes specific to the future posterior endoderm, including hox11/13b,
brachyury, and hnf1 (Peter and Davidson 2011). The expression of all four genes is
down-regulated in embryos treated with C59. Thus, the vegl endoderm GRN is
being activated right at the time (24h) when all wnt genes and fzd9/10, but no dkk or
sfrp genes are expressed in the same cells, and its operation depends on Wnt
signaling.

Vegl ectoderm GRNs: Regulatory gene expression in these vegetal
ectodermal cells shows varied effects upon treatment with C59 (Fig. 2, Table S1).
Thus, expression of several regulatory genes is affected, as indicated by lower
levels of nkl and unc4.1 transcripts (Li, Materna et al. 2012). Other transcripts,
such as msx are present at decreased levels only at a stage when their expression is
restricted to vegl ectodermal cells, while later, when these transcripts are also
expressed widely in animal aboral ectoderm cells, transcript levels are comparable
to control embryos (Fig. S8) (Li, Cui et al. 2014). These results suggest that vegl
ectoderm GRNs are at least partially affected by Wnt signaling. However, the
majority of regulatory genes are not exclusive to vegl ectoderm cells, and it is not
possible to assess the extent of this regulatory input by quantitative measurements
of gene expression levels. The observed effect of C59 on gene expression in vegl

ectodermal cells is consistent with the presence of Wnt ligands and Fzd receptors in



these cells, and with previous reports of Wnt signaling affecting gene expression in
vegl ectoderm (Mclntyre, Seay et al. 2013).

Animal ectoderm GRNs: Regulatory genes expressed in animal ectoderm
cells are mostly not affected by C59 perturbation, e.g., foxg, not, and gsc (oral
animal ectoderm; ref. Li, Materna et al. 2013), emx (lateral animal ectoderm; ref.
Li, Cui et al. 2014) and hmx, hox7, dlx, and ets4 (aboral animal ectoderm; ref. Ben-
Tabou de-Leon, Su et al. 2013). However, the transcription of sp5, which is
expressed in vegl ectoderm and in the oral animal ectoderm domain (Fig. S8), is
strongly down-regulated at 18h and up to the onset of gastrulation by C59 treatment
(Fig. 2). Thus, specification of most animal ectoderm cell fates does not depend on
Wnt signaling inputs, but the expression of one particular transcription factor
appears to be regulated by Wnt signaling in these cells.

Apical ectoderm GRNs: Expression levels of regulatory genes transcribed in
cells of the neurogenic apical ectoderm, such as foxq2 (Yaguchi, Yaguchi et al.
2008), foxjl (Tu, Brown et al. 2006), fez (Yaguchi, Yaguchi et al. 2011), zic
(Materna, Howard-Ashby et al. 2006), hbn, and nk2.1 (Howard-Ashby, Materna et
al. 2006) are up-regulated in embryos treated with C59 (Fig. 2, Table S1). Earlier
observations showed that absence of Wnt signaling leads to an increase in
expression levels of regulatory genes associated with neurogenic fate in adjacent
animal ectoderm cells (Yaguchi, Yaguchi et al. 2008, Range, Angerer et al. 2013).
In embryos exposed to C59 at 1h after fertilization, the earliest effect on regulatory
gene expression, on foxq2 and nk2.1, is observed at 15h. Adding C59 at 12h

showed effects on apical gene expression similar to adding this drug at 1h, while
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C59 treatment from 15h on showed much weaker effects, and no effects were
observed when C59 was added at 18h (Fig. S6B). These results indicate that the
Wnt signal critical for suppression of neurogenic fate in animal ectoderm cells is
secreted after 12h and before 18h. As shown above, the neurogenic apical domain
expresses no Wnt signaling ligand, but expresses sfip1/3, sfrp3/4, dkkl, and dkk3,
which encode potential Wnt signaling inhibitors. These observations thus indicate
that the neurogenic fate is suppressed by Wnt signaling, and in turn, the apical
neurogenic GRN ensures the expression of Wnt signaling antagonists.

Taken together, these results indicate that the anterior (veg2) and posterior
(vegl) endodermal GRNs are broadly activated by Wnt signaling in pre-gastrular
embryos, and that in addition, some regulatory genes of the vegl ectoderm GRNs
receive positive Wnt signaling inputs. All three domains express only one Fzd
receptor gene, fzd9/10, but express several genes encoding Wnt ligands, each of
which or all together could be responsible for the observed effects on regulatory
gene expression. In addition, Wnt signaling appears to antagonize apical neurogenic
fate, but the wnt genes expressed closest to the animal ectoderm are wnt4, wnt3, and
wnt8 in vegl ectodermal cells. To determine if these different Wnt ligands execute
similar or overlapping functions and can substitute for one another, or whether they
operate in entirely distinct ways, requires the perturbation of individual Wnt ligand

gene expression.
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Figure 2. Effects of inhibiting Porcupine-dependent Wnt ligand secretion by
C59 treatment. Embryos were treated with C59 or DMSO (control) at 1h post
fertilization. Transcripts of each gene were measured by Nanostring nCounter
analysis using a probeset detecting expression of 172 regulatory genes at five
successive times (abscissa). Shown are fold differences of transcript abundance
in embryos treated with C59 compared to control embryos. Each diamond
represents one of three experimental repeats, shown in red if down-regulated >2-
fold upon treatment with C59, in blue if up-regulated >2-fold, or in green if
unchanged. A ratio of 1 (experimental/control) is indicated by the dotted line,
and 2-fold envelope of significance is indicated by the dashed lines; ordinates,
this ratio as log2. Genes expressed at low levels (<100 transcripts/embryo) in
treated and/or control embryos are not shown. A representative set of genes is
shown for each regulatory state domain, with colored bar on the right of each
column indicating the spatial expression domain(s) at 24h. Color code as in Fig.
1. Complete results are shown in Supplemental Tablel.
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Whnt ligands execute distinct functions

To distinguish the functional contribution of each Wnt ligand, we perturbed
individually the expression of the five Wnts which could be responsible for the
effects observed in embryos treated with C59. Embryos were injected with
morpholino antisense oligonucleotides (MASOs) blocking the translation of Wntl,
Wnt4, Wnt5, Wnt8, or Wntl6, and gene expression levels in these embryos as
compared to control embryos were analyzed at 24h for a set of regulatory genes
which represent each of the four embryonic expression domains affected by C59
treatment.

The results summarized in Fig. 3 demonstrate that each Wnt ligand affects
the expression of a specific set of regulatory genes. Thus, injection of WntlMASO
broadly affected the expression of all endodermal regulatory genes tested, and also
decreased the expression levels of some regulatory genes expressed in the vegl
ectoderm (nkl, sp5, and unc4.1), while other examined vegl ectodermal genes and
neurogenic apical genes are not affected. Wntl MASO also weakly affects the
expression of all other wnt genes (Fig. 3). Embryos treated with Wnt4 MASO
exhibit marginally decreased expression levels of unc4.1, hox7, and msx, in vegl
ectodermal cells, but have no effect on genes expressed either in the endoderm or
the apical neurogenic plate. Injection of Wnt5 MASO did not reveal any change in
regulatory gene expression, except for an up-regulation of wntj transcripts. In Wnt8
MASO injected embryos, transcript levels of all neurogenic apical genes are
increased, while genes expressed in endoderm and vegl ectoderm are not affected.

Wntl6 MASO selectively decreases the transcript levels of blimplb, eve, and
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hox11/13b in the veg2 and vegl endoderm domains, but does not affect genes
specific to the neurogenic apical plate and vegl ectodermal cells.

Taken together, these results indicate that four of the five Wnt ligands
indeed execute specific functions in the regulation of transcription factor gene
expression, which can not be substituted for by other Wnt ligands, despite the
largely overlapping expression of all five wnt genes. When added up, the sum
effects of perturbing the expression of individual Wnts largely correspond to the
effects observed in C59 treated embryos. Thus, the expression of every gene tested
here which was affected by C59 treatment was also affected by the perturbation of
at least one Wnt ligand. Similarly, each embryonic regulatory state domain in
which C59 treatment was observed to have altered gene expression was also
affected by at least one of the Wnt ligands expressed at these developmental stages,
as summarized in the following:

Veg2 endoderm: By 18h, the expression of blimplb, foxa, hox11/13b, and
brachyury in this domain is affected by C59 treatment. The responsible Wnts could
be Wnt4 and Wnt5, which are expressed in these cells up to 18h; Wnt8, which is
produced in these cells from 12 to 15h; or Wntl and Wntl16, which are expressed in
the adjacent veg2 mesodermal cells at 18h and in veg2 endodermal cells at 21h.
Neither Wnt4, Wnt5, nor Wnt8 morpholinos affect gene expression in veg2
endoderm cells. However, Wntl and Wntl6 signaling are clearly required to
activate gene expression in these cells by short range signaling. Injection of Wntl
MASO results in lower expression of all tested regulatory genes expressed in veg2

endoderm cells at 24h, blimp1b, foxa, and gatae, while the expression of blimp1b is
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also affected by Wntl6 MASO, indicating that this gene requires both Wnt
signaling inputs for normal expression.

Vegl endoderm: cells of the future posterior endoderm express fzd9/10
between 12-24h, wnt4, wnt5, and wnt8 from 18-24h, and wntl and wntl6 at 24h. In
addition, Wnt signaling may occur from the adjacent veg2 endoderm cells, which
transcribe wnt ligand genes between 12-21h, as discussed just above. In C59 treated
embryos, expression of eve in vegl endoderm precursor cells is reduced after 15h.
Similar to the veg2 endoderm GRN, gene expression in vegl endoderm cells is not
affected by morpholinos targeting Wnt4, Wnt5 or Wnt8 expression, but depends on
Wntl and Wntl6 signaling. Again, injection of WntIMASO shows the broadest
effect, reducing expression levels of brachyury, hox11/13b, hnfl, and eve, while
injection of Wnt16 MASO only decreased expression levels of hox11/13b and eve.
Interestingly, Wntl and Wnt16 not only execute overlapping functions in the two
endodermal GRNSs, but are also expressed in very similar patterns which are
consistent with these functions. At 18h, when the expression of foxa and blimp1b is
restricted to veg2 endoderm, wntl and wntl6 expression is detected exclusively in
the adjacent veg2 mesoderm. By 21h however, transcripts of wnt/ and wntl6 are
detected in anterior (veg2) endoderm cells for a brief period of time, which is when
expression of their target genes hox11/13b, brachyury, and hnfI is induced in the
adjacent vegl posterior endoderm cells. Thus when expressed in anterior endoderm,
Wntl and Wntl6 again function as short range signaling ligands, now activating

expression of posterior endoderm regulatory genes in adjacent vegl cells.
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Vegl ectoderm: Expression of regulatory genes such as nk/ and unc4.1 in
vegl ectodermal cells is weakly affected by C59 treatment from 18h on. Wnt4,
wnt5 and wnt8 are expressed in the vegl lineage from 18h on, and fzd9/10 is
expressed in these cells at all stages considered. In addition, by 24h, wnt! and
wntl6 are being expressed in the neighboring vegl endoderm domain. Injection of
embryos with Wnt-specific morpholinos revealed that only Wntl and Wnt4 affect
gene expression in vegl ectoderm cells, while morpholinos against Wnt5, Wnt8,
and Wnt16 showed no effect by 24h (Fig. 3). Wntl and Wnt4 signaling in the vegl
ectoderm domain therefore occurs by short range plus perhaps intra-domain
signaling. Embryos injected with Wntl MASO showed reduced expression levels
of nkl, unc4.1, and sp5, while Wnt4dMASO affected expression of hox7 and msx
genes. Thus as in the endodermal GRNs, two Wnt ligands regulate gene expression
in the vegl ectoderm, but in this domain, they affect separate sets of regulatory
genes. These results differ from those obtained in another sea urchin species,
Lytechinus variegatus, where Wnt5 was shown to activate regulatory genes in the
vegl ectoderm domain, including irxa and nkl (Mclntyre, Seay et al. 2013).
However, in S. purpuratus, when Wnt5 expression was knocked down using two
separate morpholinos, no change in ectodermal gene expression levels was
observed except an increase in wnt5 transcripts. This result implies that Wnt5
signaling is not required in this domain, though it might function redundantly
together with other Wnts. In the S. purpuratus embryo, Wnt4 regulates the
expression of nkl, while irxa expression was not affected by perturbation of any

individual Wnt signal, even though its expression is moderately affected by C59
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treatment at 18h. This inter-species difference could thus reflect a relatively recent
change in the identity of the Wnt ligand used for activation of regulatory genes in
the vegl ectoderm GRNSs.

Apical ectoderm: The earliest increase in expression of regulatory genes
specific to the apical neurogenic fate upon C59 treatment was observed at 15h.
Since no Wnt ligand is expressed in the animal half, the Wnt signal responsible for
this effect must derive from the vegetal half of the embryo. The vegetal cells closest
to the animal ectoderm, the vegl lineage cells, express wnt4, wnt5, and wnt§ from
18h on, and prior to that, at 12 to 15h, these same genes are expressed in the veg2
lineage. Injection of Wnt8 MASO at fertilization results in elevated expression
levels of all apical regulatory genes tested. This result is consistent with a previous
report on the function of Wnt8 in the restriction of expression of genes associated
with the neurogenic apical fate (Range, Angerer et al. 2013). Our results show that
blocking the expression of Wntl, Wnt4, Wnt5, or Wntl6 had no effect on
expression of apical-specific genes. Wnt8 is the earliest and most abundantly
transcribed wnt gene, and at 12-15h, when the embryo consists of only a little over
a hundred cells, there are still only few cells separating Wnt8 expressing vegetal
cells and the cells in which expression of neurogenic apical regulatory genes is to
be prevented. Thus in summary these experiments revealed that the Wnt signaling
function responsible for limiting the apical neurogenic domain is executed solely by

Wnt8, and that this is a very early process, probably operating in late cleavage.
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Figure 3. Morpholino perturbation of individual Wnt ligands and effects on
regulatory gene expression. Embryos were injected with morpholinos targeting
the expression of Wntl, Wnt4, Wnt5, Wnt8, or Wntl6, or with randomized
control morpholinos. Expression levels of regulatory genes in morpholino injected
embryos were analyzed by QPCR at 24h, except for three genes analyzed at
earlier developmental stages: hox7 (asterisk, 21h), irxa, and msx (diamonds; 18h).
The genes selected for this analysis are those demonstrated to respond to C59
treatment (see above). Shown are ratios (log2) of expression levels in Wnt-
specific morpholino injected embryos to expression levels in control morpholino

injected embryos. Symbolism as in Fig. 2.
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Wnt-dependent spatial patterning functions

To assess the consequences Wnt signaling on embryonic patterning of
regional regulatory states, we studied the spatial disposition of gene expression
domains in embryos in which Wnt signaling is inhibited. As an initial assessment,
embryos treated with C59 from 1h to 24h, were fixed at 24h and stained by
WMISH with eight probes against regulatory genes specific for different expression
domains throughout the embryo (Fig. S9A). Compared to control embryos, the
expression domains of alx/, the skeletogenic mesoderm cells, and of delta, the veg2
mesodermal cells, are not affected by C59. However, expression of foxa, marking
veg?2 endoderm cells, is restricted to fewer cells in C59 treated embryos compared
to control embryos. The boundary usually separating veg2 endoderm (foxa) and
vegl endoderm (hox11/13b) fate appears to have shifted to the vegetal pole, and
expression of hoxI11/13b is at least partially overlapping with that of foxa in
embryos treated with C59. Similarly, most gene expression boundaries are shifted
towards the vegetal pole, including the boundaries of the foxg2 expression domain
at the animal pole.

To determine which Wnt signal is responsible for the vegetal shift of most
expression domains except the mesodermal domains, we tested the spatial
expression of these genes in embryos injected with Wnt morpholinos. The results,
as summarized in Fig. S10 (for data see Fig. S9B), indicate that interfering with the
expression of Wntl not only decreases the expression levels of foxa, hox11/13b,
and eve, but that these genes are also expressed in fewer cells, and that these are

located closer to the vegetal pole than in control embryos. The vegetal boundary of
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gene expression of /iml (vegl ectoderm) and particularly that of emx (animal
ectoderm) are also shifted towards the vegetal pole in WntIMASO injected
embryos, consistent with the previous observation that emx expression in vegl cells
is repressed downstream of Eve (Li, Cui et al. 2014). However, Wntl MASO does
not affect the boundary between emx and foxq2 expression domains. Effects with
Wnt16MASO are similar but weaker. Embryos injected with morpholinos blocking
either Wnt4 or Wnt5 expression do not appear to affect the patterning of gene
expression domains assessed here. In embryos injected with Wnt8MASO, on the
other hand, only the boundary between emx and foxq2 expression domains, which
were shown to repress each other (Li, Cui et al. 2014), is shifted vegetally, leading
to an expansion of the apical neurogenic domain confirming that the up-regulation
of foxq2 expression levels in Wnt8MASO injected embryos is caused by the de-
repression of apical regulatory genes within animal ectoderm cells. This leads to the
prediction that Wn8 activates the expression of an early acting repressor of foxq2 in
the animal ectoderm. The observation that Wnt8 signaling is required for cell fate
decisions in the animal ectoderm is consistent with the expression of fzd1/2/7 in all
cells of this domain between 12-18h, the time when Wnt signaling input is required
to repress apical cell fates (Fig. S6B), and by the absence of potential Wnt signaling
antagonists which could interfere with Wnt8 signaling. The boundaries between
gene expression domains within the vegetal half of the embryo are not affected by
Wnt8 signaling. These results indicate that gene expression patterning in the

vegetal and animal half of the sea urchin embryo occurs independently.

80



Control of wnt gene expression by cell fate specification GRNs

Even though the early expression of wnt genes occurs in dynamic spatial
patterns, by 24h, all five wnt genes are expressed in the vegl endoderm, and some
of them in addition also in the vegl ectoderm (Fig. 1C). This raises the question of
how the transcription of these genes is regulated by the cell fate specific GRNs
operating in these cells. Moreover, we would like to know if the regulatory
mechanisms that control their expression are similar, given the overlapping
expression patterns of wnt4, wnt5, and wnt8, as well as of wntl and wntl6
throughout early sea urchin development (Fig. 1C; for a direct comparison of the
expression patterns of wnt genes and relevant regulatory genes, see Fig. S11). The
earliest specification of the vegl cell lineage, the precursor of vegl endoderm and
vegl ectoderm, is controlled by eve, a regulatory gene exclusively expressed in
vegl cells by 15h (Peter and Davidson 2010). Eve contributes to the activation of
hox11/13b in vegl endoderm, which is the earliest regulatory gene operating in the
GRN underlying the specification of posterior endoderm fate (Peter and Davidson
2011). Perturbation of the pan-vegl transcription factor Eve by injection of Eve
MASO resulted in decreased expression of wntl, wnt4, wnt5, and wntl6, consistent
with their expression in vegl cells, although expression of wnt8 in these same cells
was not affected (Fig. S12). Blocking the expression of the endoderm-specific
Hox11/13b transcription factor with morpholinos, however, affects only the
transcription of wnt/ and wntl6, but of none of the other wnt genes, as might be
expected from the exclusive expression of wnt/ and wntl6 in vegl endodermal

cells at 24h (Fig. S12). Blocking the expression of other endodermal regulatory
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factors, FoxA, Blimplb, Brachyury, or GataE, did not affect the expression of the
five wnt genes (Fig. S13). Thus expression of wnt/ and wnt16 is regulated probably
directly by both Hox11/13b and Eve, and the transcription of wnt4 and wnt5 is
activated downstream of Eve, but independent of Hox11/13b. Late Wnt8 expression
is controlled by a separate mechanism, which was recently shown to involve the
pan-ectodermal regulator SoxB1 (Li, Cui et al. 2014).

Thus in all three cases, that is [wntl + wnt 16], [wnt4 + wnt5], and [wnt§],
the wnt genes are wired into the GRNs they control. The GRN circuitry, which is
summarized in Fig. 4, explains the spatial and temporal expression pattern of wnt
genes, and indicates a remarkable relationship between the transcriptional control of
wnt genes and their downstream functions. For instance, eve expression is specific
to all cells of the vegl lineage from 15h on, and expression of wnt4 and wnt5 in
these same cells, under the control of Eve, is first observed shortly after that, at 18h,
and continues up to 24h. In turn, Wnt4 activates gene expression in vegl
ectodermal cells, where Eve continues to be expressed. That is, Eve plays a dual
role in the specification of vegl ectoderm: it directly represses genes of the animal
ectoderm in these cells and it activates the expression of wn#4 in vegl endoderm
and vegl ectoderm, which leads to the activation of genes of the vegl ectodermal
GRN.

In vegl endoderm cells, expression of hox11/13b initiates at 21-24h, under
the control of Eve, and transcription of wnt/ and wntl6, activated by Hox11/13b,
starts at 24h. Their expression is not observed in vegl ectoderm, where Hox11/13b

is not expressed, though eve is. Since signaling by Wntl and Wnt16 also affects the
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expression of hox11/13b and eve, these results indicate that expression of
Hox11/13b, a crucial upstream transcription factor in the posterior endoderm GRN,
is controlled by a positive feedback circuit between wntl, wntl6, and hox11/13b,
thus ensuring specification of the posterior endoderm cell fate (Fig. 4). Curiously,
this circuit might also be responsible for the expression of wntl, wntl6 and
hox11/13b at earlier time points. By the time when hox11/13b expression becomes
sensitive to Wnt signaling according to the C59 experiments, at 18h, hox11/13b is
being transcribed specifically in veg2 endoderm, while wnt/ and wntl6 are
transcribed in adjacent veg2 mesoderm. By 21h, wnt/ and wntl6 are expressed in
veg2 endoderm, controlled by Hox11/13b, and transcription of hoxI1/13b 1is
activated in adjacent vegl endoderm cells. By 24h, expression of all three genes has
terminated in veg2 endoderm, by a mechanism involving auto-repression of
Hox11/13b (Peter and Davidson 2011), and the entire positive feedback circuit is
operative exclusively in 