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Abstract
Specification and differentiation of a cell is accomplished by changing its gene
expression profiles. These processes require temporally and spatially regulated
transcription factors (TFs), to induce the genes that are necessary to a specific cell type.
In each cell a set of TFs interact with one other and activate their targets; as development
progresses, transcription factors receive regulatory inputs from other TFs and a complex
gene regulatory network (GRN) is generated. Adding complexity, each TF can be
regulated not only at the transcriptional level, but also by translational, and posttranslational mechanisms. Thus, understanding a developmental process requires
understanding the interactions between TFs, signaling molecules and target genes which
establish the GRN.
In this thesis, two genes, FoxN2/3, a TF and FGFR1, a component of the FGF
signaling pathway are investigated. FoxN2/3 and FGFR1 have different mechanisms that
function in sea urchin development; FoxN2/3 regulates gene expression and FGFR1
changes phosphorylation of target proteins. However, their ultimate goals are the same:
changing the state of an earlier GRN into the next GRN state.
First, we characterize FoxN2/3 in the primary mesenchyme cell (PMC) GRN.
Expression of foxN2/3 begins in the descendants of micromeres at the early blastula
stage; and then is lost from PMCs at the mesenchyme blastula stage. foxN2/3 expression
then shifts to the secondary mesenchyme cells (SMCs) and later to the endoderm. Here
we show that, Pmar1, Ets1 and Tbr are necessary for activation of foxN2/3 in the
descendants of micromeres. The later endomesoderm expression is independent of the
iv

earlier expression of FoxN2/3 in micromeres and independent of signals from PMCs.
FoxN2/3 is necessary for several steps in the formation of larval skeleton. A number of
proteins are necessary for skeletogenesis, and early expression of at least several of these
is dependent on FoxN2/3. Furthermore, knockdown (KD) of FoxN2/3 inhibits normal
PMC ingression. PMCs lacking FoxN2/3 protein are unable to join the skeletogenic
syncytium and they fail to repress the transfating of SMCs into the skeletogenic lineage.
Thus, FoxN2/3 must be present for the PMC GRN to control normal ingression,
expression of skeletal matrix genes, to prevent of transfating, and to control fusion of the
PMC syncytium.
Second, we show that the FGF-FGFR1 signaling is required for the oral-aboral
axis formation in the sea urchin embryos. Without FGFR1, nodal is induced in all of the
cells at the early blastula stage and this ectopic expression of nodal requires active p38
MAP kinase. The loss of oral restriction of nodal expression results in the abnormal
organization of PMCs and the larval skeleton; it also induces ectopic expression of oralspecific genes and represses aboral-specific genes. The abnormal oral-aboral axis
formation also affected fgf and vegf expression patterns; normally these factors are
expressed in two restricted areas of the ectoderm between the oral and the aboral side, but
when FGFR1 is knocked down, Nodal expands, and in response the expression of the
FGF and VEGF ligands expands, and this in turn affects the organization of larval
skeleton.
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Chapter 1. Introduction

1

1.1 Sea urchin and endomesodermal development
1.1.1 Sea urchin as a model system in developmental biology
Sea urchins have several exceptional characteristics as an important model system
for studying development. Sea urchin embryos are optically transparent and
comparatively simple, and they develop externally. Thus, they are suitable for observing
development from fertilization, and studying the morphogenetic movements and
differentiation of cells during gastrulation. The fate map of sea urchin embryos is also
characterized in detail. Another advantage is that they develop relatively fast; a
Lytechinus variegatus embryo can reach its larval stage within 24 hours. In addition to
the cellular or tissue-level study of development, since gene-overexpression or
knockdown experiments are available, sea urchins are frequently used for studying the
underlying molecular mechanisms, such as signal transduction pathways or relationships
between genes. Despite their simple body plan and relatively small number of cell types,
sea urchins are classified as a deuterostome along with chordates based on their common
mechanism of gastrulation. Thus, studying sea urchin development may provide valuable
insights into vertebrate development. The sea urchin is the first free-living marine
invertebrate to have a sequenced genome; the comparison between the sea urchin and
vertebrate genome sequences showed obvious similarities. The sea urchin genome and
annotation project showed that the sea urchin has about 23,000 genes with representatives
from most of the vertebrate gene families (Sodergren et al., 2006). In addition to the
comparative study, the sea urchin genome is an excellent tool for studying development
at the molecular level as well.
2

1.1.2 The fate map of sea urchin development
Sea urchins undergo radial holoblastic cleavages. The fourth cleavage includes an
asymmetrical division in the four cells of the vegetal tier which produces four larger
macromeres and four smaller micromeres, while the four cells at the animal pole equally
divide into eight mesomeres(Fig. 1.1A). During the fifth cleavage, the micromeres
undergo one more asymmetrical division, producing four large micromeres and four
small micromeres. The mesomeres divide equatorially and produce two layers, an1 and
an2 layers. In the sixth cleavage (the 60-cell stage), the macromeres equatorially divide
into veg1 and veg2 layers as well. At this 60-cell stage, the basic fate map of sea urchin
embryo can be assigned (Logan and McClay, 1997) (Fig. 1.1B). The small micromeres
undergo one more division, and then they stop dividing during gastrulation and
eventually contribute to the coelomic pouch. The large micromeres give rise to the
primary mesenchyme cells (PMCs, skeletogenic mesoderm) which will produce the
larval skeleton. The cells in the veg1 and veg2 layers will give rise to (starting with the
most vegetal cells first) the secondary mesenchyme cells (SMCs, non skeletogenic
mesoderm), the endoderm, and even a few ectodermal cells (Logan and McClay, 1997;
Ruffins and Ettensohn, 1996). The animal half of a sea urchin embryo gives rise to the
majority of the ectoderm.

3

Fig. 1. 1 Sea urchin embryo at the 16-cell and 60-cell

(A) a 16-cell stage sea urchin embryo. (B) Sea urchin fate map at the 60-cell stage.
The animal half of the embryos gives rise to the ectoderm. The vegetal half of the
embryos has four tiers of cells. The veg1 tier will give rise to ectoderm and endoderm;
the veg2 tier will give rise to endoderm and secondary mesenchyme cells (SMCs). The
SMCs will produce pigment cells, muscle, coelomic pouch and blastocoelar cells. The
large micromeres will become the larval skeleton and the small micromeres are expected
to become the germ cells.

4

1.2 Skeletogenesis of the sea urchin embryo and PMCs
The larval skeleton is an endoskeleton in several echinoderm classes. Its origin
from PMCs is unique to modern sea urchins and the biomineralization genes are sea
urchin-specific. However, the differentiation and migration of PMCs use highly
conserved regulatory systems, e.g. transcription factors and signaling molecules, which
are employed in other organisms. For instance, Snail and Twist, which are known to be
involved in the PMC ingression during sea urchin development, are also used in the
neural crest migration or metastasis of cancer cells (Kolsch et al., 2007; Wu and McClay,
2007; Wu et al., 2008; Yang et al., 2004). During the Epithelial Mesenchymal Transition
(EMT) of PMCs, cell adhesion molecules are repressed by Snail, and this downregulation of E-cadherin is a critical process of all types of EMT in other model systems
(Oda et al., 1998; Taneyhill et al., 2007; Wu and McClay, 2007). Thus, PMCs work as a
good model to study specification, EMT, cell migration and cell-to-cell signaling.

1.2.1 The origin of PMCs and skeleton formation
The sea urchin larval skeleton is built exclusively by PMCs, the descendants of
the large micromeres which are formed by the asymmetric fourth and fifth cleavage. The
differentiation of PMCs proceeds largely in an autonomous way. When micromeres are
isolated and cultured, they can develop and differentiate into PMCs and with appropriate
conditions, these cultured PMCs are able to produce spicules as well (Fink and McClay,
1985; Okazaki, 1965). Furthermore, Armstrong and McClay (1993) found that the pattern
of the skeleton responds to inputs of ectodermal signals, but that response depends on the
5

genotype of PMCs (any PMC can produce any part of the skeleton pattern depending on
its location relative to specific ectoderm signals – if moved to different locations the
PMC will produce a genotypically correct piece of skeleton appropriate to that new
location) (Armstrong et al., 1993). .
PMCs, located at the vegetal plate, undergo EMT and ingress into the blastocoel
at the mesenchyme blastula stage (about nine to ten hours after fertilization in L.
variegatus). They lose their adhesion to their neighboring cells and obtain strong affinity
for the proteins inside of the blastocoel (Fink and McClay, 1985; Wessel and McClay,
1985). After ingression, PMCs move inside the blastocoel until they localize around the
ventro-lateral region and form two bilateral clusters, from where they will form calcified
larval skeleton (Hodor and Ettensohn, 1998; Malinda and Ettensohn, 1994). As the
characteristic organization (two bilateral clusters and connective cells between them) is
forming, the PMCs protrude filopodia, fuse into a syncytium and share their cytosol
(Hodor and Ettensohn, 2008). From each of the two clusters, one triradiated rudiment of
larval skeleton is formed; then the rudiments undergo elongation and branching into a
mature larval skeleton.
The sea urchin genome includes several sea urchin-specific biomineralization
proteins (Sodergren et al., 2006), and those genes are exclusively expressed by the PMCs
(Livingston et al., 2006). Msp130 is a cell-surface sulphated glycoprotein which is known
to be involved in calcium uptake or deposition (Anstrom et al., 1987; Carson et al., 1985;
Leaf et al., 1987). SM30 and SM50 are also known to be specifically expressed in PMCs
though they are very different in composition: SM30 is an acidic matrix glycoprotein and
6

SM50 is an alkaline matrix protein without glycosylation (George et al., 1991; Livingston
et al., 1991; Sucov et al., 1987).
Studies on the expression pattern of these biomineralization proteins revealed that
the PMC population is homogeneous during early gastrulation, but later PMCs are
divided into subpopulations (Guss and Ettensohn, 1997). Immediately after ingression or
during early gastrulation, all of the PMCs express msp130, sm50 or sm30, but later those
genes show different expression patterns. For instance, at the prism stage, msp130 has the
highest mRNA level in the tips of the elongating spicules, while it shows lower levels of
transcripts in the cells of the rods or of the chains between rods. In the case of sm30, the
expression level is equal between PMCs during early gastrulation, but the PMCs in the
bilateral clusters have higher sm30 mRNA level after archenteron invagination; at the
prism stage, sm30 is also expressed at the highest level in the tips of elongating rods.
These results suggest that during gastrulation, PMCs are divided into subpopulations
which have specific gene expression profiles.

1.2.2 The origin of SMCs – a possible source of larval skeleton
The secondary mesenchyme cells (SMCs), also called non-skeletogenic
mesoderm (NSM), originate from a subset of cells in veg2 tier. Following PMC
ingression, the vegetal plate forms a blastopore (which will become the anus) and the
archenteron begins to invaginate. SMCs go inside first and remain at the tip of the
archenteron. During the later half of archenteron invagination, many of the SMCs
undergo EMT and ingress into the blastocoel to become either pigment cells or
7

“blastocoelar” cells (thought to be precursors of immune cells); the endodermal cells
invaginate directly behind the SMCs, and differentiate into the gut. SMCs remaing at the
tip of the archenteron become either muscle or coelomic pouch cells. The sequential
specification of SMC sub-types depends on the signaling molecules, especially Delta
signal from PMCs (Sherwood and McClay, 1999; Sweet et al., 2002). PMC signals also
provide another function to SMCs: they somehow prevent SMCs from transfating and
becoming PMCs. Though the larval skeleton is exclusively produced by PMCs, a
subpopulation of the SMCs have the potential to undergo skeletogenesis in PMCdeficient embryos (Ettensohn and McClay, 1988; Ettensohn and Ruffins, 1993). The
number of transfating SMCs correlates with the number of removed PMCs. It is believed
that PMCs send signaling molecules to SMCs to prevent transfating, though the signaling
molecules from PMCs have not been identified (Ettensohn and McClay, 1988; Ettensohn
and Ruffins, 1993). Though perhaps esoteric, this property of transfating will be a
component of this thesis.

1.3 Gene Regulatory Network (GRN) and early development of
sea urchin
1.3.1 The sea urchin GRN
Recently, sea urchin endomesodermal gene regulatory network (GRN) and
ectodermal GRN models were published, providing a framework for understanding the
molecular mechanisms underlying morphogenesis in the sea urchin (Davidson et al.,
2002a; Davidson et al., 2002b; Saudemont et al., ; Su et al., 2009). The GRN models
8

provide an explanation for how a cell obtains and maintains a specific gene expression
profile and how a gene is induced and expressed in a specific pattern.
The GRN models restrict themselves to transcription factors (TFs), signals, and a
few effector molecules as differentiation targets. The sequential assembly of these
relationships models the controlled specification of a cell. For a GRN to be of value, it
should show the profiles of active transcription factors in a specific cell type and how the
previous gene expression state can define the next state, through a series of activations
and repressions. After determination, downstream effector molecules are activated to
report the differentiation process and a set of TFs maintains this direction. Cell-to-cell
signaling also plays important roles to determine the fate and behavior of a cell; the sea
urchin GRN includes many signaling molecules like Wnt, Nodal and Delta. The gene
expression state is determined by not only simple cascades but also by more complex
networks including positive or negative feedback loops. The sea urchin GRN models
outline the upstream regulators and their targets; it explains how a fertilized egg becomes
a multi-cellular sea urchin larva with several different tissues.

1.3.2 PMC GRN and skeletogenesis
The sea urchin micromere GRN model is among the best-understood of all
metazoan embryonic networks (Ettensohn et al., 2007; Oliveri et al., 2002; Oliveri et al.,
2003; Oliveri et al., 2008). It specifies the large micromeres toward a skeletogenic fate;
during morphogenesis, they become the primary mesenchyme cells (PMCs), and
construct the larval skeleton. Micromeres complete specification earlier than most cells of
9

the embryo and the specification operates in a largely cell-autonomous manner. The PMC
GRN model attempts to explain each step of the large micromere specification from the
birth of micromeres at 4th and 5th cleavage to ingression and begins to explain the
terminal differentiation into the skeletogenic cells as well.
Micromere specification is launched when ß-catenin enters micromere nuclei
starting at 4th cleavage and with maternal Otx, activates pmar1, a transcriptional
repressor and one of the earliest activated PMC-specific transcription factors (Logan et
al., 1999; Oliveri et al., 2003). Pmar1 represses a ubiquitous repressor, hesC, which
functions to inhibit expression of micromere-specific genes (Revilla-i-Domingo et al.,
2007), although recent data suggests that there is a delay in the repression of hesC and
that at least some of the downstream transcription factors are activated independently of
the Pmar1/hesC gate (Sharma and Ettensohn, 2010). As a consequence of these earliest
events, PMC-specification TFs including Alx1, Ets1 and Tbr are activated (Croce et al.,
2001; Ettensohn et al., 2003; Fuchikami et al., 2002; Kurokawa et al., 1999; Revilla-iDomingo et al., 2007). Knockdown (KD) of early micromere TFs, like Alx1, results in
impaired PMC ingression, repressed skeletogenic gene expression, and malformed larval
skeletons. Perturbation of these early-activated TFs at the top of the GRN thus causes
catastrophic failures, while TFs activated at later stages produce more limited responses
if knocked down. For example, Snail and Twist, which are expressed in micromeres after
the hatched blastula stage, play crucial roles during PMC ingression (Wu and McClay,
2007; Wu et al., 2008). TFs like Hex or Tgif, rather than regulate ingression, instead
control skeletogenesis and biomineralization through activation of skeletogenic genes
10

such as Msp130, sm30 and sm50 (Oliveri et al., 2008). Thus, the specification and
differentiation of PMCs requires the sequential activation of transcription factors which
construct the PMC GRN.

1.4 Cell-to-cell interaction and organization of larval skeleton
1.4.1 The evidence of ectodermal signaling
The PMCs are known to determine and differentiate into the larval skeleton in an
autonomous manner (Fink and McClay, 1985; Okazaki, 1965). However, there is strong
evidence that the skeletogenesis by PMCs is influenced by other embryonic cells. For
example, though in vitro cultured PMCs are able to start skeletogenesis at the same time
as control PMCs in intact embryos; if older and migratory PMCs were introduced into a
young blastula stage embryo, those transplanted PMCs stopped migration until the host
blastula reached the mesenchyme blastula stage (Ettensohn and McClay, 1986; Okazaki,
1965). Moreover, the complex organization of larval skeleton requires interaction
between PMCs and other parts of the embryo; evidence of this is observed when PMCs
protrude filopodia and make contact with the ectodermal cells during gastrulation.
Isolated PMC culture is able to form spicules but can not establish the proper
organization (Okazaki, 1965).
There are several elegant papers showing that ectodermal signaling plays crucial
roles in the differentiation and organization of PMCs and the elongation of larval
skeleton. Treatment with NiCl2 is known to change the organization of PMCs and
produce multiple spicules around the ventral side of the blastocoel (Hardin et al., 1992).
11

Swapping PMCs between the control embryos and the NiCl2 treated embryos showed that
the NiCl2 treated ectoderm is responsible for the abnormal organization of PMCs and the
formation of multiple spicules. The experiment also showed that the ectodermal cues
influence the expression pattern of sm30, a PMC specific biomineralization gene
(Armstrong et al., 1993; Guss and Ettensohn, 1997). In addition, by ablating the ectoderm
at the tip of the elongating skeleton, Ettensohn and Malinda showed that the PMCectoderm interaction is required for skeleton elongation (Ettensohn and Malinda, 1993).
Though there are many studies showing that ectodermal signaling is crucial for
the proper formation of the larval skeleton, the detailed molecular mechanisms have not
been fully elucidated. Recently, two signaling molecules, FGF and VEGF were found to
regulate the organization of PMCs and skeletogenesis. In the next sections, we will
review the FGF and VEGF signaling pathways and their functions in guiding the
migratory cells; we will also look at the roles of the FGF and VEGF signaling pathways
in the organization of PMCs and larval skeleton.

1.4.2 FGF signaling pathway
Fibroblast Growth Factors (FGFs) play critical roles in many processes like
angiogenesis, cell proliferation and differentiation, migration and apoptosis. FGFs are
also required for early development including patterning, morphogenesis, differentiation
and other various developmental processes. The number of FGF genes in a species is
highly variable, from 2 genes in Caenorhabditis elegans, 6 genes in Xenopus, to 22
members in mouse and human. FGFs are secreted signaling molecules and share a well
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conserved FGF domain which has high affinity for heparan; this FGF domain also
includes a core region interacting with FGF Receptor (FGFR) (Eriksson et al., 1991;
Ornitz and Itoh, 2001; Plotnikov et al., 2000; Zhu et al., 1991). Though they share very
similar sequence in the FGF motif, they have different binding affinities to FGFRs.
Interestingly, some members of the FGF family do not have any signal sequence for
secretion, yet they are still secreted proteins.
The FGFRs are a subfamily of receptor tyrosine kinases (RTKs); they include
three extracellular Ig-like domains, a transmembrane domain, and a tyrosine kinase
domain. The FGFRs can interact with extracellular matrix (ECM), especially heparan
sulfate proteoglycans and cell adhesion molecules (CAMs) (Doherty and Walsh, 1996;
Kan et al., 1991). Vertebrates have four highly conserved FGFR genes; the kinase
domains of all FGFR show more than 80% homology (Johnson and Williams, 1993;
McKeehan et al., 1998). However, FGFR genes have various alternative splicing of fgfr
mRNA which produces many isoforms: shortening Ig-like domain I or changing Ig-like
domain III. Those isoforms have different affinities to their ligands and their
temporal/spatial expression patterns vary as well, so each FGFR can produce many
different responses (Groth and Lardelli, 2002; Johnson and Williams, 1993; Orr-Urtreger
et al., 1993; Powers et al., 2000).
FGFR activates a number of signal transduction pathways. The Ras-MAP kinase
pathway through FGF Receptor Substrate 2 (FRS2) protein is known to be implicated in
most of the FGF signaling pathway; FRS2 is also involved in the activation of
phosphatidylionsitol 3(PI3) kinase/Akt pathway (Hadari et al., 2001; Ong et al., 2000). A
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Phospholipase C(PLCγ)-Ca2+ pathway is also a well-known downstream effectors of FGF
signaling in various cellular functions (Doherty and Walsh, 1996; Hall et al., 1996;
Mohammadi et al., 1992).
The interaction between FGF molecules and heparan or Heparan Sulfate
Proteoglycan (HSPG) works as an important regulation mechanism of the FGF signaling
pathway. HSPGs are ECM macromolecules and consist of a core protein and heparan
sulfate glycosamminoglycan chains. HSPGs are required for FGF ligand to efficiently
bind to FGFRs and determine the specificity between FGF protein and FGFRs
(Flaumenhaft et al., 1990; Moscatelli, 1987); different FGF-FGFR complexes can bind
unique heparan sulfates (Allen and Rapraeger, 2003). In addition, they work as a
reservoir for FGF molecules. Thus, defects in heparan sulfate synthesis resulted in similar
phenotypes to FGF mutants (Garcia-Garcia and Anderson, 2003).

1.4.3 FGF and FGF Receptors in sea urchin
In sea urchins, only one FGF gene has been found: in S. purpuratus (Lapraz et al.,
2006) by the genome project and in P. lividus (Rottinger et al., 2008) by in situ
hybridization as a gene showing a restricted expression pattern in the ectoderm. The
predicted protein shows similarities with vertebrate FGF9, 16 and 20 and also has some
similarity with 8, 17 and 18. In P. lividus, it is annotated as FGF9/16/20.
The S. purpuratus genome sequences show that sea urchin has at least 20 genes of
canonical RTKs which cover seventeen of the nineteen vertebrate RTK families
including FGFR, VEGFR and EGFR. In sea urchins, two FGF receptors have been found:
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FGFR1 and FGFR2. The sequence of SpFGFR1 shows similar identity (51%) to each of
the four vertebrate FGFRs; the ligand binding domain has low similarity and the kinase
domain is highly conserved (McCoon et al., 1996).
SpFGFR1 has two alternatively spliced isoforms (McCoon et al., 1996). Like
other vertebrate FGFRs, sea urchin FGFR1 isoforms also have alternative splicing at the
Ig3 domain (named as Ig3L and Ig3S). McCoon et al. reported fgfr1 is expressed in a
very dynamic and complex pattern. The small variant is detectable with an RNase
protection assay from the late mesenchyme blastula stage; the large variant can be
detected from eggs and is reduced during early cleavages and increases again from the
late mesenchyme blastula stage with the smaller form. The large isoform is always
expressed at a several fold higher level than the smaller one.
FGFR2 has all the structural motifs of RTKs including Ig-like domains and a
kinase domain and two isoforms were found to be expressed during gastrulation
(Rottinger et al., 2008). The expression pattern of fgfr2 is simpler than pattern of fgfr1;
fgfr2 is equally expressed in the ingressed PMCs from the mesenchyme blastula stage. At
the prism stage, fgfr2 shows higher mRNA level in the bilateral clusters and then later its
expression is repressed. fgfr2 is expressed in the isolated and cultured PMCs as well, thus
it is expected to be induced in a cell-autonomous manner (Rottinger et al., 2008).

1.4.4 VEGF signaling pathway
Vascular endothelia growth factor (VEGF) is a secreted molecule of which the
most well known function is regulation of angiogenesis and embryonic vasculogenesis
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(reviewed in (Ferrara, 1999)). In addition, VEGF can induce cell proliferation, survival,
differentiation and other cellular processes (Claffey et al., 1992; Ferrara and Davis-Smyth,
1997; Gerber et al., 1998). Mouse and human have only one VEGF gene but through
alternative splicing or poteolytic processing, the VEGF gene produces at least five
isoforms (Houck et al., 1991). Three VEGF receptors were also discovered: VEGFR1,
VEGFR2 and VEGFR3 (de Vries et al., 1992; Kaipainen et al., 1995; Terman et al.,
1992). They have seven Ig-like domains, single transmembrane region, and a tyrosine
kinase domain. The signal transduction pathway phosphorylates and activates the PLCγ
and PI3 kinase, Ras/MAP kinase pathway (Guo et al., 1995). Each VEGFR has different
cellular functions and properties, though which downstream effectors are common or
specific for different VEGFRs is not fully elucidated, (Seetharam et al., 1995;
Waltenberger et al., 1994).
The sea urchin genome has three predicted VEGF genes: SpVEGF, SpVEGF2 and
SpVEGF3. However, only SpVEGF3 is expressed during gastrulation and the others are
not detectable during the early developmental stages (http://www.genboree.org,
(Duloquin et al., 2007; Lapraz et al., 2006)). The sea urchin genome has two VEGFR
coding regions: SpVEGFR-7 (with 7 Ig-like domains) is the ortholog of vertebrate
VEGFR and the other one, SpVEGFR-10 (with 10 Ig-like domains) is expected to be sea
urchin specific and is expressed at a higher level during early development (Duloquin et
al., 2007; Lapraz et al., 2006).
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1.4.5 FGF and VEGF signaling pathway and the guidance of migrating
cells
During development, cell migration is a pivotal process in forming multi-layered
organization of the embryo. Tissue formation from a single layer blastula requires wellorganized movements of individual cells (e.g. ingression) or sheets of cells (e.g.
invagination) into the specific destinations. Failure of the migration processes could
result in serious defects in organogenesis or tissue homeostasis. Thus, organisms employ
various mechanisms to guide the migrating cells to their proper destination. One of the
mechanisms that migrating cells often use to find their final destination is to follow
external signaling molecules (chemotaxis). For example, the migration of neurons is a
critical process for the proper central nerve system development; in the Drosophila
embryonic ventral nerve cord development, the midline glia express the attractive
molecule, Netrin and the repulsive molecule, Slit to guide the migrating neurons
(Kolodziej et al., 1996; Rothberg et al., 1990). In many other developmental processes,
like the migration of mesodermal cell in Xenopus and hematopoietic and neural cells in
mice, cell signaling molecules provide directional cues for migrating cells (Hiratsuka et
al., 2005; Nagel et al., 2004; Zhang et al., 2003).
There is increasing evidence that FGF signaling is responsible for a chemotactic
movement of migrating cells. For instance, Kubota and Ito reported that migrating
mesencephalic neural crest cells respond to FGF2 and inhibition of FGF2 block migration
as well (Kubota and Ito, 2000). In the mouse limb bud development, the mesenchymal
cells are known to move toward FGF2 and FGF4 (Webb et al., 1997).
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The FGF signaling pathway is also known to regulate the migration of cells
during gastrulation by regulating expression of genes like a transcription factor, Snail
(Ciruna and Rossant, 2001; Katoh and Katoh, 2006). FGFR1 mutant embryos fail to
induce snail expression which results in high level expression of E-cadherin; cell
adhesion was maintained and FGFR1 mutant cells can not migrate properly.
There is also evidence that the VEGF signaling pathway is involved in cell
migration during embryonic development as well as FGFs. For instance, the
developmental migration of blood cells like hemocytes of Drosophila, or monocytes of
mouse and human are regulated by VEGF signaling through VEGFR1 (Barleon et al.,
1996; Cho et al., 2002; Clauss et al., 1996).

1.4.6 FGF and VEGF as ectodermal signaling to PMC organization
In the sea urchin development, the movement and organization of PMCs can be a
good example of the cell-to-cell interaction and the guidance of migrating cells. Recently
FGF and VEGF have been shown to provide necessary signals to migrating PMCs and
produce the proper organization of larval skeleton (Duloquin et al., 2007; Rottinger et al.,
2008).
FGF and VEGF are expressed in the two patches of ectoderm which are close to
the endodermal tissues and between the oral and the aboral side. These two areas are the
closest ectoderm to the bilateral clusters of PMCs which will later form the larval
skeleton. The ectopic expression of FGF or VEGF results in the irregular pattern of PMC
clusters and the abnormal branching, and in severe cases, the number of spicules is
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increased. When FGF or VEGF expression is prevented by MASOs, the larval skeleton
fails to form and some skeletogenic genes, e.g. sm30 and sm50 are highly decreased,
though some PMC-specific genes like msp130 or tbr are expressed at normal levels. The
perturbation of the receptors, i.e. FGFR1, FGFR2 or VEGFR results in a similar
phenotype to the FGF KD or VEGF KD embryos, i.e. the abnormal organization of
PMCs, the down-regulation of the biomineralization genes (sm30 and sm50), and the
repression of skeletogenesis. Though the FGFR1 KD or FGFR2 KD embryos formed
short spicules, the double KD of both receptors resulted in the absence of skeleton
formation.
These results strongly suggest that FGF and VEGF provide important ectodermal
signaling inputs that are necessary for skeletogenesis. The bilateral clusters form
immediately beneath the cells producing FGF and VEGF and growth of the skeleton is
initiated in this location. Both of these signaling pathways are required, but the
relationships between them has not been investigated yet.

1.5 Cell signaling and Axis formation
An unexpected role for RTK signaling uncovered in this project is a role in
embryonic axis determination. Therefore, this section provides the background necessary
to understand this process. The sea urchin is a good model system to study the body axis
formation as they establish oral-aboral and right-left asymmetry during the embryonic
and pre-larval stages. In this section we review signaling molecules which play important
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roles in the axis formation of other organisms as well as sea urchin embryos. This
background will be relevant for the chapter on FGF and VEGF signaling.

1.5.1 Signaling molecules and axis formation: Nodal and FGF
Nodal is a member of transforming growth factor beta (TGFβ) superfamily and
first was identified in the mouse node (Zhou et al., 1993). The Nodal signaling pathway is
known to play crucial roles in the induction of mesoderm and endoderm, the formation of
left-right and anterior-posterior axis, and various processes of early gastrulation
(Beddington and Robertson, 1998; Lowe et al., 2001; Ramsdell and Yost, 1999; Zhou et
al., 1993).
The mechanisms of Nodal signaling have been studied in various model systems
and have been shown to be similar with other TGFβ superfamily members (reviewed in
(Shi and Massague, 2003)). Nodal ligand binds to type I and type II Ser/Thr receptors and
activates the kinase domain; a co-receptor, Epidermal Growth Factor-Cripto-FRL1Cryptic (EGF-CFC) protein can facilitate this interaction. After the ligand-receptor
complex is formed, the complex is internalized and activates the downstream effectors,
Smad 2 and/or Smad 3. Finally, the activated Smad forms a complex with Smad4 and
moves into the nucleus to induce the expression of downstream target genes. This Nodal
signaling pathway shares its receptors and effectors with other members of the TGFβ
superfamily.
One of the best understood roles of Nodal is the specification of the left-right axis
in vertebrates. Nodal shows asymmetric expression only in the left side of chick, mouse,
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Xenopus, and zebrafish (Collignon et al., 1996; Levin et al., 1995; Lowe et al., 1996;
Sampath et al., 1997). There is much evidence that this left side-specific expression is
established by the leftward rotation of monocilia in the ventral node of mouse and the
dorsal blastopore cells of Xenopus (Essner et al., 2002; McGrath et al., 2003; Nonaka et
al., 1998; Okada et al., 2005).
Though the TGFβ signaling pathway plays crucial roles in the formation of body
axis and has been intensively studied, the FGF signaling pathway is also known to be an
important regulator of the axis formation and moreover, the asymmetric expression of
nodal.
In mouse, zebrafish, and Xenopus, knockout of FGF receptors or dominant
negative fgfr mRNA injection strongly affects anterior-posterior axis formation (Amaya
et al., 1991; Griffin et al., 1995; Yamaguchi et al., 1994), In most cases, posterior regions
are severely affected: for example both the trunk and tail bud structure in zebrafish are
completely lost by inhibition of FGF signaling (Griffin et al., 1995). During the early
development, the FGF signaling pathway is involved in the regulation of specification
and differentiation, the maintenance of mesoderm and the guidance of the morphogenetic
movements (Ciruna and Rossant, 2001; Griffin et al., 1995; Sun et al., 1999).
FGFs are also involved in the dorso-ventral axis formation. The ectopic
expression of FGF8 or FGF3 in the ventral side of zebrafish embryos results in partial
secondary axis formation (Furthauer et al., 1997). Furthauer et al. reported that the
ventral specific expression of BMP genes requires FGF activity from the dorsal side of
the embryo; the inhibition of FGF signaling results in expansion of BMP expression to
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the dorsal area. Conversely, the overexpression of FGF8 dorsalizes embryos and the
activation of the FGF/Ras/MAP kinase pathway inhibits the ventral expression of BMPs
(Furthauer et al., 2001; Furthauer et al., 2004). Furthermore, the FGF signaling was
shown to be required for β-catenin to induce organizer genes in zebrafish (Maegawa et al.,
2006). Maegawa et al. suggested a pathway connecting β-catenin, Nodal and FGF to
activate the organizer function and FGF signaling is necessary for the induction of dorsal
and anterior tissues in the β-catenin deficient embryos. These results strongly suggest that
FGFs play pivotal roles in the dorso-ventral axis formation and the anterior-posterior axis
formation.
There are several lines of evidence suggesting that FGF signaling is involved in
asymmetric expression of Nodal. However, the induction mechanisms are not yet fully
elucidated and depending on the model organism, the relations between Nodal and FGF
signaling are different. For instance, in mouse embryos, FGF signaling is required for the
release of Nodal Vesicle Parcels (NVP) on the ventral node and this nodal expression is
lost in FGF8 mutant embryos (Tanaka et al., 2005). The release of NVP is a crucial step
for the transportation of Nodal to the left side. When FGF8 beads were introduced to the
right sides of early somite stage embryos, the result was ectopic expression of nodal
(Meyers and Martin, 1999). These results suggest that FGF signaling plays an important
role in the induction of nodal expression. However, in chick and rabbit embryos, FGF
signaling functions as a repressor of nodal expression. In chick embryos, fgf8 mRNA is
asymmetrically localized to the right side but not left side of the node and introduction of
FGF8 into the left side repressed activation of Nodal signaling pathway (Boettger et al.,
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1999). Furthermore, in the FGF mutant mouse embryo, nodal expression is maintained in
the ectoderm where nodal uses different enhancers (Adachi et al., 1999; Norris and
Robertson, 1999; Oki et al.). Thus the relations between FGF signaling and Nodal
signaling are different depending on various contexts such as the form of early
development, or the germ layers.

1.5.2 The sea urchin oral/aboral axis formation
The oral-aboral (i.e. dorso-ventral) axis is a secondary axis which is determined
during the early development of sea urchin embryos between the early cleavages and the
mesenchyme blastula stage (Cameron et al., 1990; Hardin et al., 1992), and the
characteristic differences appear around the end of gastrulation. Though the oral-aboral
axis is determined during development, it is known to be connected to the maternal
asymmetry as well. During early cleavage stages, cytochrome oxidase activity is higher
in the prospective oral side than in the aboral side (Horstadius, 1973) and manipulation of
respiratory rate or oxygen condition changes normal axis formation (Coffman and
Davidson, 2001). Coffman et al. found that in the unfertilized eggs, mitochondria are
asymmetrically distributed and this asymmetry is maintained in the early embryos; this
finding suggests the intracellular redox gradient plays a crucial role in the onset of the
oral-aboral axis formation.
In sea urchin development, Nodal is an important regulator or axis formation.
Duboc et al. reported that Nodal is the earliest known molecule expressed in an
asymmetric manner and is shown to be necessary and sufficient to specify the oral
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ectoderm (Duboc et al., 2004; Flowers et al., 2004). Nodal regulates the expression of
morphogenic molecules, including BMP2/4 which is known to induce the aboral fate
(Angerer et al., 2000) and Goosecoid (Gsc) which induces the oral ectoderm specification
(Angerer et al., 2001).

1.5.3 Regulation of Nodal in the sea urchin embryos
The mechanism inducing the asymmetric expression of nodal in the sea urchin
embryo is not fully elucidated, but there are several clues to solve the regulatory network
of oral-specification. Bradham and McClay reported that p38 MAP kinase shows
asymmetric activation in the prospective oral blastomeres immediately before nodal
induction. p38 protein is ubiquitously activated during early development, but inactivated
in the future aboral side for a short period at the late blastula stage. After the asymmetric
inhibition in the future aboral cells (i.e. the asymmetric activation in the future oral cells),
the earliest oral-specification gene, nodal, is induced in the prospective oral cells. As
expected the inhibition of p38 results in aboralized embryos (Bradham and McClay,
2006).
Once Nodal is induced in the oral side of a blastula, it amplifies its own
expression via a positive feedback loop. A cis-regulatory element study shows that the
promoter region and the first intron of Nodal have Smad binding sites and knockdown of
Nodal decreases nodal expression and disrupts oral-aboral axis formation. (Range et al.,
2007). This positive feedback loop suggests Nodal has a community effect maintaining
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its expression in a restricted area (Bolouri and Davidson, ; Nam et al., 2007; Range et al.,
2007).
The primary animal-vegetal axis is also connected to the determination of oralaboral axis in sea urchin embryos (Yaguchi et al., 2008). Yaguchi et al. showed that the
expression of nodal is repressed by FoxQ2 which is ubiquitously distributed during early
cleavages. Only after β-catenin dependent signaling from the vegetal side restricts foxQ2
expression to the cells in the animal pole, nodal can be expressed at the proper site (the
oral ectoderm). Without this Wnt signaling produced by animal-vegetal axis, foxQ2 keeps
expressing in half of the embryos, the animal side which covers the prospective ectoderm
and represses nodal and other downstream oral genes.

1.6 Overview
In this study, we investigated the regulatory mechanisms and functions of
FoxN2/3 and FGF signaling pathway within the interaction with other genes. In Chapter
3, we elucidated the regulation and function of FoxN2/3 as a component of the PMC
GRN. Base on the GRN model, the induction mechanism of FoxN2/3, including
upstream regulators, was elucidated. FoxN2/3 is found to be involved in PMC
organization, differentiation, syncytium formation and cell-to-cell signaling. In sea urchin
development, the circuit of transcription factors tied together by the GRN controls all of
the differentiation and organization of the larval skeleton; FoxN2/3 is one of the
downstream targets of the transcription factors as well as an upstream regulator of PMC
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specification genes. The niche of FoxN2/3 in the PMC GRN shows its regulatory
mechanism and its function.
In Chapter 4, we investigated the function of FGF signaling in the organization of
PMCs and larval skeleton of sea urchin embryos. The migration of PMCs within the
blastocoel is known to be guided by the ectodermal signaling molecules, FGF and VEGF
(Duloquin et al., 2007; Rottinger et al., 2008). In this study, we showed that the
repression of the FGF-FGFR1 signaling pathway changes the proper expression patterns
of FGF and VEGF in the ectoderm. We also found that the impaired FGF-FGFR1
pathway perturbs the ectodermal expression pattern of FGF and VEGF. We suggested a
subcircuit of genes consists of FGF/FGFR1, p38 MAP kinase, Nodal and FoxQ2; this
model provides a possible regulatory mechanism of the oral-aboral axis formation of sea
urchin embryos.
This study shows not only the actual roles of the FoxN2/3 and FGF-FGFR1
signaling at the cellular level, but also how they interact with other genes such as
transcription factors, signaling molecules, and downstream targets. The regulation and
function of a specific gene can only be fully understood in the context of other genes in
the GRN.
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Chapter 2. Materials and Methods
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Animals
Lytechinus variegatus adults were obtained from Sea Life (Tavernier, FL, USA)
or from Maria Wise (Duke University Marine Laboratory at Beaufort, NC, USA).
Gametes were obtained by 0.5M KCl injection. After fertilization, embryos were cultured
in Artificial Sea Water (ASW) at 23°C or room temperature.

Cloning and mRNA preparation
The coding region of LvfoxN2/3 was cloned by PCR from a cDNA pool of L.
variegatus, using primers designed from S. purpuratus sequence. FoxN2/3 CDS was
cloned to pCS2 vector for in vitro transcription mRNA. The partial coding sequence of
LvFGF, LvFGFR1, LvVEGF and LvVEGFR were cloned by PCR using degenerative
primers designed from the S. purpuratus and P. lividus sequences. The full coding
sequences of LvFGF, LvFGFR1, and LvVEGF were obtained by 5’ RACE and 3’ RACE.
After linearization, pCS2-FoxN2/3 constructs were transcribed using the
mMessage Machine kit (Ambion).
pmar1, Dn-notch, and Dn-Ets1 mRNA were transcribed as previously described
(Sharma and Ettensohn, 2010; Sherwood and McClay, 1999; Wu and McClay, 2007).

MASO design and injection
All of the MASOs were obtained from Gene Tools (Philomath, OR, USA).
Two LvfoxN2/3-specific MASOs were designed without overlaps. foxN2/3 MASO
1 was injected at 0.5mM or 0.7mM and foxN2/3 MASO 2 was injected at 1mM. Both
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caused identical phenotypes and identical gene knockdown consequences. blimp1b, tbr,
fgfr1 and fgf MASOs were designed based on the 5’ UTR sequence. The sequence of
each MASO and the injection concentration is shown in Table 2.1. For control injection,
standard control MASO was injected at 1-0.5mM according to the experimental MASO
concentration.
The 5’ UTR (about 250bp region immediate upstream of the ATG start site) of
LvFoxN2/3, LvFGFR1 or LvFGF was cloned to pCS2-membrane Red Fluorescence
Protein (memRFP) expressing vector for testing the efficiency and specificity of each
MASO. After linearization, 5’UTR-memRFP constructs were transcribed using the
mMessage Machine kit (Ambion). Each of the UTR-memRFP mRNA was injected with
the control MASO or the specific MASO targeting its UTR. The injected embryos were
imaged using Zeiss LSM510 confocal microscope at the same exposure settings.

U0126 and SB203580 Treatments
U0126 (Promega) was dissolved in DMSO and added to cultures from the early
cleavage stages at 10-30µM. SB203580 (Calbiochem) was dissolved in DMSO and added
to culture from the early cleavage stage at 20µM. DMSO was added as control and had
no effect.

Micromere-transplantation experiments
Micromere transplantations were performed at 16-cell or 32-cell stage. Detailed
procedures were followed as previously described (Logan et al., 1999).
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Table 2. 1 Sequence and optimal concentration of the MASO constructs

Name

Sequence

concentration

foxn2/3 MASO1

TTCTGGCTTGCGATTAGGAGGCATG

0.5mM/0.7mM

foxn2/3 MASO

AGATTTTTGCCCTTGATTCGCCTTC

1mM

blimp1b MASO1 CAGAGAAAGTAGAAGAATGTCCGCT

1mM

blimp1b MASO2 CCCTTTCCTTCGAAAACACAACAGC

1mM

tbr MASO

ATCTCGAAAAAAAGAAATCGCGCCA

0.5mM

fgfr1 MASO

TCAATTGCAGAGAGTCCAGTCCATT

0.75mM

fgf MASO

AGAAGAACTACGAAGCATGAAACGC

1mM

Ctrl MASO

CCTCTTACCTCAGTTACAATTTATA

various
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Quantitative polymerase chain reaction (QPCR)
Total RNA was isolated using Trizol (Invitrogen) or RNeasy mini kit (Qiagen).
Reverse transcription was performed with Taqman RT-PCR kit (Applied Biosystems) or
iScript cDNA synthesis kit (BioRad). QPCRs were performed using Mastercycler
(Eppendorf) with Power SYBR Green PCR Master Mix (Applied Biosystems). The CT
(Crossing point threshold) was normalized using Ubiquitin. Primers were designed
between two exons (if exon-intron information is available) to avoid noise from the
genomic DNA contamination.

Immunostaining
Embryos were fixed in ice cold methanol for 1 minute (except 295 and phosphorp38 staining); for 295 staining; embryos were fixed in 4% paraformaldehyde for 10
minutes and then methanol for 1 minute; for phosphor-p38 staining, embryos were fixed
in 4% paraformaldehyde for 10 minutes and then permeablized in PBS + 0.1% Triton X100 for five minutes. After fixation, embryos were washed four times in PBST, blocked
in 4% normal sheep serum (NSS) in PBST for 30 minutes and incubated in 1d5 mouse
antibody (anti Msp130) (1:200), L1 rabbit antibody (1:50), 295 rabbit antibody (anti
ciliary band) (1:200), or p-p38 antibody(Cell Signaling Technology Danvers, MA, USA,
1:10) in 4% NSS PBST overnight at 4°C. After washing four times in 4% NSS PBST,
samples were incubated in Cy2 or Cy3-conjugated secondary antibodies (Jackson
Laboratories) (1:200) for 30 minutes, and washed in 4% NSS PBST four times and
imaged in 50% glycerol and 50% PBST using a Zeiss LSM510 confocal microscope.
31

In situ hybridization
The chromogenic in situ hybridization was performed using standard methods,
with DIG-labeled RNA probes and NBT/BCIP (Roche). For double fluorescence in situ
hybridization, Digoxigenin-11-UTP and Fluorescein-12-UTP (Roche) tagged probes
were used at a concentration of 1ng/1µL and detected with Cy3-Tyramide and
fluorescein-Tyramide reagents using the TSA-plus kit (Perkin Elmer). Hybridization and
washing were carried out at 65°C except the ISH with nodal, which was performed at
60°C. All the samples were imaged with a Zeiss Axioplan2 microscope.
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Chapter 3. The regulation and function of FoxN2/3
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3.1 Introduction
Despite an advanced level of understanding of the micromere GRN, there are a
number of questions that remain to be answered. For example, the current micromere
GRN model includes foxN2/3, although the only input modeled is ß-catenin, and the only
output is neuralized, a regulator of delta signaling (http://sugp.caltech.edu/endomes/;
Jan.9, 2010). As foxN2/3 is expressed many hours after ß-catenin enters the nuclei of
micromeres, we suspected that inputs to foxN2/3 were incomplete. Also, the foxN2/3neuralized relationship was based on a QPCR survey, and no detailed studies of foxN2/3
had been done beyond that survey reported a number of years ago. For that reason we
decided to investigate how foxN2/3 works in the micromere GRN in greater detail.
Forkhead box transcription factors are related to various processes like cell
differentiation, embryonic development, metabolism and signal transduction (Carlsson
and Mahlapuu, 2002). In addition, evidence has been found that Fox genes are involved
in cell proliferation and tumorigenesis (Zhu et al., 2000). The members of the Forkhead
or Fox gene family have a characteristic 100-amino-acid Forkhead DNA-binding domain
(Kaufmann and Knochel, 1996), which is also called the winged helix domain. This
Forkhead domain is composed of three alpha helices and two large loops called wings.
Fox TFs proteins bind to the promoter region in a sequence specific manner (Gajiwala
and Burley, 2000) and they usually bind to DNA as monomers. Fox TFs are found in
yeast to human (Gajiwala and Burley, 2000), and the Fox gene family is divided into 23
classes based on phylogenetic analyses. Each class is identified by a letter and a number,
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to distinguish within the same organism and the same class (Kaestner et al., 2000; Mazet
et al., 2003), (http://biology.pomona.edu/fox/).
Compared to other fox TF subfamilies, the foxN subfamily members are recently
discovered and not well characterized. In mammals, the foxN subfamily has six members:
Six members of foxN gene family, from foxN1 to foxN6, have been reported in the human
and mice genome. foxN1 regulates the growth of keratinocytes and the differentiation of
thymic epithelium cells (Coffer and Burgering, 2004). It is of special interest because
data shows that Foxn1 is mutated in nude mice which have defects in the immune system
(Nehls et al., 1994). foxN 2/HTLF (Human T-cell Leukemia Factor) binds to the human
T-cell leukemia virus long terminal repeat and is expected to stimulate its transcription
(Li et al., 1992). foxN 3/CHES1 (Checkpoint suppressor 1) was identified by its ability to
suppress UV sensitivity and lethality in multiple checkpoint mutants in Saccharomyces
cerevisiae (Pati et al., 1997). foxN3 is also known to play an important role in cell cycle
regulation with the Histone Deacetylase (HDAC) complex (Scott and Plon, 2003). foxn4
is found in the retina of mice and involved in retinogenesis (Gouge et al., 2001). foxN5
(foxR1) and foxN6 (foxR2) were identified in silico from human genome sequences and
their function is not known yet (Katoh, 2004a; Katoh, 2004b).
In sea urchin, 22 fox genes were identified by Tu et al. from the S. purpuratus
genome by searching for the conserved forkhead motif, and their temporal and spatial
expression patterns were studied (Tu et al., 2006). In the S. purpuratus genome, 22 fox
genes were identified. Although most of the fox classes were found in the S. purpuratus
genome, classes E, H, R and S appear to be missing, while the sea urchin specific SpFoxX
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and SpFoxY were not included in any known fox gene classes. In the case of foxN
subfamily, two members were found: foxN1/4 and foxN2/3 (Tu et al., 2006).Tu et al.
showed that foxN2/3 expression first appears at hatched blastula stage and is maintained
until pluteus stage, and is transiently expressed in the PMCs at the blastula stage. foxN2/3
expression in SMCs begins at the mesenchyme blastula stage and disappears before the
late gastrula stage. According to the published PMC GRN, foxN2/3 is under the
regulation of β-catenin.
In this study, foxN2/3 was cloned from L. variegatus and its regulation and
function were investigated. We found that foxN2/3 expression in micromeres is regulated
by Pmar1, Ets1 and Tbr; foxN2/3 is also expressed in the non-skeletogenic mesoderm
territory and later in the endoderm in an expanding torus pattern. However, that
expanding torus of foxN2/3 expression is not dependent on the Blimp1-Wnt-Otx
subcircuit that was recently published for several other endomesoderm genes (Smith et al.,
2008; Smith et al., 2007). We also found that PMCs require FoxN2/3 to ingress in a
timely manner and without FoxN2/3 PMCs fail to join the syncytium, and fail to block
transfating. In addition, FoxN2/3 is necessary for activation of the early expression of
many PMC specific genes.

3.2 Results
3.2.1 The expression pattern of FoxN2/3
A fragment of LvfoxN2/3 was cloned by PCR from a cDNA pool of L. variegatus,
using primers designed from S. purpuratus sequence. The 5’ UTR sequence was obtained
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by RACE PCR. The nucleotide sequences of L. variegatus and S. purpuratus were highly
similar (87%) except the first exon which covers part of the 5’ UTR.
Based on the expected open reading frame from the sequence data, LvfoxN2/3
encodes a 534-amino acid protein with a forkhead domain located from residue 125 to
212 (http://www.expasy.ch/prosite/) (accession number HQ127623). The overall
similarity of the amino acid sequences between foxN2/3 of L. variegatus and S.
purpuratus was 93%, with 100% similarity in the forkhead domain (Fig. 3.1A).
Phylogenetic analysis showed that LvfoxN2/3 clusters with foxN2 and foxN3 of
Chordates; the amino acid sequence of the forkhead domain is highly conserved (Fig.
3.1B). Other than the forkhead domain, no other obvious domains were found, but the Nterminal and C-terminal regions showed somewhat similar sequences between LvfoxN2/3
and Chordate foxN2 or foxN3 with 30% overall similarity.
The early expression pattern of L. variegatus foxN2/3 was similar to that
previously reported for S. purpuratus (Tu et al., 2006), and the expression site changes
dynamically with time. Whole mount in situ hybridization (WMISH) showed that
foxN2/3 mRNA appeared in micromeres at the hatched blastula stage and disappeared
from these cells immediately before the mesenchyme blastula stage (Fig. 3.2A-F). At
early mesenchyme blastula foxN2/3 mRNA was observed in the remaining secondary
mesenchyme cells (SMCs, non-skeletal mesoderm cells) (Fig. 3.2E, F) which will form
muscle, coelomic pouch, blastocoelar and pigment cells. Over time foxN2/3 expression
was repressed to a low level in the SMCs and increased in the endoderm by the beginning
of invagination; the mesodermal expression continued during archenteron elongation but
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Fig. 3. 1 Sequence comparison of foxN2/3 and other members of the foxN
subfamily in sea urchin and chordates.

(A) Alignment of the forkhead domain of foxN members: foxN2/3 and foxN1/4 of
sea urchins and foxN1, foxN2, and foxN3, foxN subfamily members of chordates.
Identical residues are denoted by an asterisk. (B) A molecular phylogeny of the foxN2/3
of L. variegatus, S. purpuratus and other members of foxN subfamily. Alignment and
phylogenetic calculation were performed using ClustalW2
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Fig. 3. 1 (Continued) Sequence comparison of foxN2/3 and other members of
the foxN subfamily in sea urchin and chordates.

(http://www.ebi.ac.uk/Tools/clustalw2/index.html), based on the neighbor-joining
method of Saitou and Nei (Saitou and Nei, 1987).
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Fig. 3. 2 Dynamic expression pattern of foxN2/3 in the endomesoderm.

(A-J) Whole mount in situ hybridization of foxN2/3, (A, B) foxN2/3 is not
expressed at 16- and 128-cell stages. (C, D) At the hatched blastula stage, foxN2/3 is
expressed in the vegetal plate. (E, F) At the mesenchyme blastula stage, foxN2/3 is gone
from the ingressed PMCs and is expressed in the remaining mesoderm. (G, H) By the end
of mesenchyme blastula stage, foxN2/3 is expressed in endodermal cells. (I, J) By late
gastrula stage, foxN2/3 is expressed in the mid- and hindgut, with the foregut displaying
weak foxN2/3 expression. (K-R) Double Fluorescence in situ hybridization of foxN2/3
with tissue specific markers. foxN2/3 expression compared with the PMC marker tbr at
40

Fig. 3. 2 (Continued) Dynamic expression pattern of foxN2/3 in the
endomesoderm.

the hatched blastula stage (K, L) and early mesenchyme blastula stage (M, N); foxN2/3
expression compared with the SMC marker gcm at early mesenchyme blastula stage (O,
P) and late mesenchyme blastula stage (Q, R). (C, E, G, I, K, M, O and Q) show the
lateral view and (D, F, H, J, L, N, P and R) show the vegetal view. In both P and R
foxN2/3 is expressed in a full ring though the embryos shown focus on the gcm
expression, making it appear that foxN2/3 is expressed asymmetrically.
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the level was much lower than the endodermal expression (Fig. 3.2G, H). By the late
gastrula stage, when the archenteron is fully extended, foxN2/3 expression could be seen
in the mid- and hindgut regions, with much weaker expression in the foregut. (Fig. 3.2I,
J). A comparison of foxN2/3 in L. variegatus and S. purpuratus (Tu et al., 2006) suggests
a similar dynamic pattern of expression through development with the exception that in L.
variegatus, foxN2/3 mRNA was expressed in the endoderm from the early gastrula stage
and remained in the mid- and hindgut area through the late gastrula stage (which was not
reported in S. purpuratus). Thus, the spatial pattern of foxN2/3 expression is dynamic and
sequentially covers most of the endomesodermal domain over time.
To confirm these data, double fluorescence in situ hybridization was performed
with foxN2/3 and lineage specific markers. tbr (a PMC marker) or gcm (glial cells
missing) (a SMC marker) were used to delineate precise lineage relationships. At the
hatched blastula stage, foxN2/3 is expressed in the precursors of PMCs as the expression
sites of foxN2/3 and tbr are coincident (Fig. 3.2K, L). At early mesenchyme blastula stage,
the ingressed PMCs continue to express tbr but remove foxN2/3 (Fig. 3.2M, N); at the
same time foxN2/3 expression is now in the mesoderm surrounding PMCs in the vegetal
plate where its expression overlaps with gcm and in some endodermal cells outside of
gcm territory (Fig. 3.2O, P). At late mesenchyme blastula stage, transcripts of foxN2/3 are
strongly detected in endodermal cells and greatly reduced in the mesodermal cells in the
vegetal plate, as shown in Fig. 3.2Q and R.
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3.2.2 The upstream regulator of FoxN2/3
We next turned to the question of how foxN2/3 is regulated. The endomesodermal
GRN model of Aug 2010 (http://sugp.caltech.edu/endomes/) indicates only one input
from ß-catenin to induce foxN2/3 expression in the micromere lineage. Earlier work
showed that ß-catenin enters the nuclei of micromeres at the 16-cell stage and is
necessary to activate the GRN (Logan et al., 1999). This is many hours before foxN2/3 is
expressed suggesting that other TFs, perhaps downstream of ß-catenin, later activate
foxN2/3 expression. In addition, different to other PMC-specific genes, foxN2/3 has a
dynamic expression pattern, first in micromeres, then in the remaining mesoderm, and
finally in the endoderm. Previously, a set of transcription factors that includes ß-catenin,
otx, blimp1, hox11/13b and even-skipped show similar expanding torus patterns of
expression to that of foxN2/3 (Logan et al., 1999; Smith et al., 2008; Smith et al., 2007).
Smith et al. showed that a subcircuit composed of otx, wnt8, and blimp1 work together to
produce their characteristic expanding expression pattern (Smith et al., 2007).
Since the foxN2/3 expression region follows behind the expanding blimp1
expression pattern (Fig. 3.3A-D), Blimp1 was a promising candidate to regulate the
dynamic foxN2/3 expression pattern. In a test of this hypothesis, however, knockdown of
Blimp1b did not inhibit foxN2/3 expression in the vegetal plate (Fig. 3.3E-H). As a
control for this experiment to authenticate that the blimp1b morpholino blocked Blimp 1
translation, WMISH analysis showed that blimp1 expression expanded to the center in
the presence of the morpholino, a signature pattern expected of a transcription factor that
represses itself (Fig. 3.4A-F)(Livi and Davidson, 2006; Smith et al., 2007). Further, as
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Fig. 3. 3 Regulation of foxN2/3 expression and blimp1.

A-D) Double fluorescence in situ hybridization of foxN2/3 (red) and blimp1
(green) in a hatched blastula; (B) mesenchyme blastula; (C) early gastrula; (D) late
gastrula. (E-H) Whole mount in situ hybridization of foxN2/3. (G, H) blimp1b MASOinjected embryos show no significant difference from (E, F) control embryos in foxN2/3
expression. HB, hatched blatula; LG, late gastrula.
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Fig. 3. 4 blimp1b MASO injected embryos.

(A-D) Whole mount in situ hybridization of blimp1b.(A, B) Blimp1 is repressed
from the center of the vegetal plate. (C-F) In blimp1b MASO injected embryos, blimp1
expression expands to the center. (G-H) Severe phenotype of the Blimp1b KD embryos
shows no archeteron invagination when control embryos reach the prism stage.
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expected, the blimp1b morpholino also altered the endomesoderm GRN state resulting in
a failure of archenteron invagination (Fig. 3.4G, H). Despite the inhibition of Blimp1b,
foxN2/3 continued to be expressed at the vegetal plate of the blimp1b MASO injected
embryos at the same time point that it was expressed in the control embryos, and it later
expanded to other endomesodermal cells as well. Thus, though foxN2/3 and the genes in
the blimp1 subcircuit show highly similar expression dynamics, we conclude that foxN2/3
expression in micromeres, mesoderm and endoderm does not depend on that subcircuit
for its expanding pattern of expression.
If the blimp1 expanding torus is not involved, how is foxN2/3 activated? Here we
focused on activation of FoxN2/3 in the large micromeres. Several candidate PMCspecific transcription factors were chosen based on their position in the micromere GRN.
We perturbed each gene and performed WMISH to assay the change of foxN2/3
expression at the vegetal plate area. First, we tested pmar1, one of the earliest
transcription factors involved in the PMC specification. According to previous reports,
pmar1 overexpression activates the PMC GRN by repression of the universal repressor,
hesC and transforms almost every cell in the embryo into a PMC (Oliveri et al., 2003;
Revilla-i-Domingo et al., 2007). When we overexpressed pmar1 by mRNA injection,
foxN2/3 expression was indeed induced in most of the cells (Fig. 3.5B). This result
implies that Pmar1 is a component of the upstream regulatory network leading to foxN2/3
expression in PMCs. However, since pmar1 expression in micromeres disappears earlier
than the induction of foxN2/3, release from HesC repression by Pmar1 is unlikely to be
the proximal inducer of foxN2/3 expression. Thus, we moved to several candidate
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Fig. 3. 5 Regulation of foxN2/3 expression in micromere progeny.

(A-K) Whole mount in situ hybridization of foxN2/3. (A, C, E, G, I) Control
embryos express foxN2/3 at the vegetal plate at the hatched blastula stage. (B) Pmar1
mRNA (0.5µg/µL) injected embryos express foxN2/3 in most of the cells. (D) alx1
MASO injected embryos shows no significant changes in foxN2/3 expression compared
with wild type embryos (C). (F) U0126 (30µM)-treated embyos, (H) dominant negative
ets1 mRNA (0.5µg/µL) injected and (J) tbr MASO-injected embryos show repression of
foxN2/3 at the hatched blastula stage. (K) Co-injection of tbr mRNA (0.5µg/µL) and tbr
MASO results foxN2/3 expression in the vegetal plate.
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transcription factors, each of which is known to be regulated by Pmar1 and expressed
earlier than foxN2/3 induction: alx1, ets1, and tbr.
alx1, a PMC-specific transcription factor, is expressed in cells of the large
micromere lineage after fifth cleavage and is maintained by Pmar1 and/or Ets1. It is
involved in early specification of micromeres and regulation of skeletogenic genes
(Ettensohn et al., 2003). alx1 MASO injection inhibited ingression and further
skeletogenesis, as expected, but loss of Alx1 did not prevent foxN2/3 expression in the
precursors of PMCs, indicating that Alx1 is not an upstream regulator of foxN2/3
activation (Fig. 3.5D).
ets1 is a second downstream target of Pmar1 and is known to be involved in the
expression of alx1 and tbr, as well as other skeletogenic genes. Previously, Rottinger et al.
showed that Ets1 is activated by phosphorylation, and the inhibition of MAPKK by
U0126 prevents Ets1 activity as a transcription factor in the precursors of PMCs
(Rottinger et al., 2004). As shown in Fig. 3.5F, U0126 treatment inhibits foxN2/3
expression in the precursors of PMCs. As an independent test of an Ets1 input, a
dominant negative construct of Ets1 (Kurokawa et al., 1999; Sharma and Ettensohn,
2010) was tested. Expression of dominant negative Ets1 inhibited foxN2/3 expression in
the micromeres as well as alx1 expression (Fig. 3.5H, Fig. 3.6D). Later, at the
mesenchyme blastula stage, foxN2/3 expression was detected in endomesodermal cells
other than micromere/PMCs in embryos expressing dnEts1 and this result implies Ets1 is
only involved in the expression of foxN2/3 in PMCs (Fig. 3.6B).
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Fig. 3. 6 Dominant negative ets1 and foxN2/3 expression.

(A, B) Whole mount in situ hybridization of foxN2/3 at the mesenchyme blastula
stage. Without Ets1, foxN2/3 is expressed in SMCs but not in PMCs which are located at
the center of vegetal plate. (C, D) Whole mount in situ hybridization of alx1. DN-ets1
repreesses alx1 expression in the vegetal plate.
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tbr is another transcription factor downstream of Pmar1 and Ets1, and is involved in the
early specification of micromeres. The embryos injected with tbr morpholinos failed to
express foxN2/3 in the descendant of micromeres (Fig. 3.5J). In the same experiment, the
tbr MASO injected embryos showed normal expression of other markers compared to the
controls (Fig. 3.7). The specificity of the tbr MASO was confirmed by a rescue
experiment, where the repression of foxN2/3 by the tbr MASO was recovered by coinjection of tbr mRNA (Fig. 3.5K). In the tbr MASO- mRNA co-injected embryos or in
tbr OE embryos (data not shown), foxN2/3 expression was limited to the vegetal plate
and did not show ectopic expression. This implies that Tbr is not sufficient to induce
expression of foxN2/3 on its own, and requires other PMC-specific transcription factor(s)
in an AND logic function (Tbr AND another TF). Thus, in PMCs, Pmar1 probably
regulates foxN2/3 expression through Ets1 and/or Tbr but not Alx1. As Ets1 also
regulates Tbr, we cannot at present distinguish whether Ets1 activates foxN2/3 directly, or
induces indirectly through its role in activation of tbr. Further, as β-catenin activates
pmar1, which activates ets1 and tbr, we cannot conclude that β-catenin has a direct input
into the activation of foxN2/3.
Because foxN2/3 is expressed in the PMCs between hatching and PMC ingression,
we tested if Snail and Twist regulates foxN2/3 expression in PMCs. Both of Snail and
Twist are expressed in PMCs before PMC ingression and known to regulate EMT
process of PMCs (Wu and McClay, 2007; Wu et al., 2008). In addition, the FoxN2/3 KD
embryos showed delayed PMC ingression, foxN2/3 might be one of the targets of
Snail/Twist. However, knockdown of Snail or Twist did not changed foxN2/3 expression
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Fig. 3. 7 Tbr knockdown and expression of other tissue-specific markers.

(A-D) Whole mount in situ hybridization (WMISH) of gcm (SMC marker); (E-H)
WMISH of blimp1. tbr MASO injection does not repress the expression of gcm and
blimp1 in endomesodermal tissues other than PMCs.
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in the vegetal plate, though the snail MASO or twist MASO injected embryos did not
undergo PMC ingression as previously reported (Fig. 3.8.). These WMISH results show
that Snail and Twist are not upstream regulators of foxN2/3 expression in PMCs.
The expression of foxN2/3 in PMCs, non-skeletogenic mesoderm and endodermal
cells can be regulated by either one common induction/repression mechanism similar to
the Wnt-Blimp-Otx torus subcircuit, or by different, independent mechanisms. Thus we
first asked whether FoxN2/3 has a role in the dynamic expression of itself. Two MASOs
were designed and injected into fertilized eggs to inhibit the endogenous translation of
FoxN2/3. Both of the MASOs showed similar effects on early development, though the
foxN2/3 MASO 1 optimal dosage was lower than that for foxN2/3 MASO 2. The
efficiency and specificity of foxN2/3 MASO2 was shown by repression of membrane Red
Fluorescence Protein (memRFP) using the morpholino complementary to FoxN2/3
5’UTR sequence (Fig. 3.9A). The expression of FoxN2/3 5’ UTR connected memRFP
was eliminated in the presence of the foxN2/3 morpholino while memRFP fused with the
reversed FoxN2/3 5’ UTR was not repressed (Fig. 3.9B-E). Thus the foxN2/3 MASO2 is
efficient and specific for blockage of FoxN2/3 translation. We did not test the foxN2/3
MASO1, but both of the MASOs showed the same phenotypes.
When foxN2/3 translation was blocked by MASO injection, foxN2/3 was still
transcribed at the vegetal pole area at the hatched blastula stage (Fig. 3.10A-D).
Importantly its expression expanded to adjacent cells later and QPCR results also showed
that the expression level of foxN2/3 was not significantly changed by foxN2/3 MASOs
(∆∆Ct<2). These results indicate that FoxN2/3 does not regulate itself, nor later
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Fig. 3. 8 snail and twist knockdown and foxN2/3 expression.

(A-H) Whole mount in situ hybridization of foxN2/3. (A-C) The control embryos
express foxN2/3 mRNA in the vegetal plate. (D-F) foxN2/3 is expressed in the vegetal
plate of the snail MASO injected embryos. (G-I) Twist KD embryos express foxN2/3.
HB, hatched blastula; MB, mesenchyme blastula; LG, late gastrula.

53

Fig. 3. 9 The efficiency and specificity of foxN2/3 MASO.

(A) Schematic diagram of two membrane RFP constructs. FoxN2/3 5’ UTR
region was inserted into pCS2-membrane RFP construct in forward direction (FoxN2/3
UTR :mRFP) or in reverse direction (FoxN2/3 UTR R :mRFP). (B, C) foxN2/3 MASO
represses only FoxN2/3 UTR :mRFP and (D, E) can not repress FoxN2/3 UTR R :mRFP.
(F) Control embryo shows no membrane RFP expression. All of the confocal images
were taken in the same setting.
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Fig. 3. 10 Regulation of foxN2/3 expression.

(A-L) Whole mount in situ hybridization of foxN2/3. foxN2/3 MASO injected
embryos (C, D) show no significant difference from control embryos (A, B). Micromereremoved embryos (G, H) express foxN2/3 in the vegetal plate area when control embryos
express foxN2/3 in the nonskeletogenic mesoderm (E) or endoderm (F). Control embryos
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Fig. 3. 10 (Continued) Regulation of foxN2/3 expression.

(I, J) and dominant negative notch mRNA (0.2µg/µL) injected embryos express foxN2/3
at similar levels. (K, L) HB, hatched blastula; MB, mesenchyme blastula; EG, early
gastrula.
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expression does not depend on the earlier expression. As an independent test of this
hypothesis, when we removed all of the micromeres at the 16-cell stage, foxN2/3 was still
expressed in the vegetal plate at roughly the same time foxN2/3 was expressed in SMCs
of control embryos (Fig. 3.10E-H). Thus, foxN2/3 expression in SMCs is not dependent
on FoxN2/3 expression in PMCs. Moreover, its expression is not dependent on signals
from the micromeres. Since Delta is known to be important for SMC specification, the
perturbation of Delta signaling from micromeres was tested and the WMISH results
suggest that foxN2/3 is activated in SMCs independent of Delta signaling. When the
Delta signaling pathway was disrupted by dominant-negative notch mRNA or delta
MASO injection, the embryo showed the albino phenotype as expected from previous
reports using these reagents (Croce and McClay, ; Sherwood and McClay, 1999; Sweet et
al., 2002). However, foxN2/3 was still expressed in the vegetal plate (Fig. 3.10I-L and
data not shown). Thus, foxN2/3 has at least one PMC-specific cis-regulatory module
which is regulated by Ets1 and/or Tbr, and since Tbr is only expressed by PMCs, this
module is not required for the later endomesodermal foxN2/3 expression. Second, the
later expression of foxN2/3 requires an independent mechanism that is not dependent on
earlier foxN2/3 expression in micromeres, nor from the micromere-released signals, nor
from the later activation of Delta in the SMCs. These results suggest that multiple cisregulatory modules sequentially regulate activation of foxN2/3 to produce its dynamic
pattern of expression in embryos.
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3.2.3 The function of FoxN2/3 during early development
We turned to the role of FoxN2/3 in PMCs; FoxN2/3 expression was perturbed in
a number of experiments. PMC ingression was not observed in the foxN2/3 MASOinjected embryos by the time the control embryos had finished PMC ingression
(n=57/65) (Fig. 3.11A, C). Archenteron invagination in foxN2/3 MASO injected
embryos was also delayed relative to controls and there was a reduced frequency of
fusion to form a stomodeum. Without FoxN2/3, the formation of larval skeleton was also
disrupted; at 24 hours post fertilization, the control embryos had formed typical elongated
spicules, while FoxN2/3 KD embryos did not yet have any skeletons (n=37/39) (Fig.
3.11B, D). Eventually, spicules were observed in some foxN2/3 MASO-injected embryos,
but the skeleton was disorganized and the length of the spicules was shorter than that of
the controls. As the MASO concentration was increased, the spicule defects became more
severe. Thus, reduction of FoxN2/3 caused a delay or loss of skeletogenesis and
endoderm development. Co-injected foxN2/3 mRNA with foxN2/3 MASOs rescued PMC
ingression (45/61) and rescued skeletogenesis (46/66) (Fig. 3.11E, F). In addition, the
overexpression of FoxN2/3 by mRNA injection caused precocious ingression with little
delay of archenteron development but showed no further defects (data not shown). Given
this preliminary survey of visible phenotypes upon perturbations we next turned to
experimental analysis of function in a more targeted approach at a cellular and molecular
level.
To focus on the PMC-specific function of FoxN2/3, experiments were designed
so that foxN2/3 MASOs were exclusively carried by PMCs. For this cell-specific inquiry,
58

Fig. 3. 11 Perturbation of foxN2/3 and PMCs.

(A, B) While control embryos undergo normal PMC ingression and form the
skeleton, (C, D) foxN2/3 MASO-injected embryos show neither ingressed PMCs nor
skeketon at the same stage. (E, F) Co-injection of foxN2/3 mRNA rescues ingression and
on-time production of larval skeleton. MB, mesenchyme blastula; Pl, pluteus.
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micromere transplantation experiments combined micromeres from MASO-injected
embryos with control micromereless (micromere-removed) embryos (Fig. 3.12A-F). As
controls, four unperturbed micromeres with FITC were transplanted to unlabeled
micromereless embryos. The descendants of the control micromeres underwent normal
skeletogenesis and the cells with green fluorescence were located along the larval
skeleton (Fig. 3.12A-C). By contrast, PMCs originating from foxN2/3 MASO-injected
micromeres remained in the blastocoel without contributing to the larval skeleton (Fig.
3.12D-F). Surprisingly, while the FoxN2/3 KD micromeres failed to form skeleton, the
recombinant embryos had a normal skeleton produced by cells without fluorescent dye
(n=3/3+3/4, 2 independent experiments) (Fig. 3.12F). These data suggested that the
skeletogenic cells had not originated from the transplanted micromeres, but instead had
transfated from endomesodermal cells of the host embryo. In the absence of PMCs, other
mesoderm cells are known to transfate to PMCs and form the skeleton (Ettensohn and
McClay, 1988). Thus, the presence of these transfated cells suggests that in the absence
of FoxN2/3 in micromeres, PMCs failed to send signals that usually inhibit the
transfating of SMCs. Further, these results imply that FoxN2/3 is required for syncytium
formation, as FoxN2/3 KD PMCs failed to participate in the syncytium consisted of the
transfated SMCs.
To experimentally challenge the question of syncytium formation even more
directly, a mixed micromere experiment was performed. First, two red control
micromeres were transplanted with two green control micromeres at the 16-cell stage into
the space left behind by removal of micromeres from an unlabeled host embryo (Fig.
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Fig. 3. 12 foxN2/3 and development of the larval skeleton.

(A-F) Micromere transplantation experiments with foxN2/3 MASO. (A) A
schematic diagram of the experiment in (B, C), where FITC-labeled control micromeres
are transplanted into a micromereless embryo. (B, C) Transplanted control micromeres
ingress and form normal skeletons. (D) A schematic diagram of the experiment in (E, F),
where foxN2/3 MASO-injected micromeres labeled with rhodamine-conjugated dextran
are transplanted into a micromereless embryo. (E, F) Transplanted foxN2/3 MASOinjected micromeres reach the blastocoel eventually, but remain unorganized in the
blastocoel and fail to form skeletons. (G-K) Mixed micromere transplantation
experiments are described schematically in (G). (H, I) Two red control and two green
control micromeres form a syncytium resulting in yellow cells along the skeleton. (J, K)
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Fig. 3. 12 (Continued) foxN2/3 and development of the larval skeleton.

Red foxN2/3 MASO-injected micromeres remain unorganized in the blastocoel whereas
green control micromeres form the larval skeleton. (L, M) Micromere transplantation
experiments with the tbr MASO. (L) Transplanted control micromeres form normal
skeletons. (M) Transplanted tbr MASO injected micromeres fail to form skeletons.
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3.12G). After the formation of syncytium, the red and green fluorescent dyes mixed in
the cytosol of the syncytium and resulted in yellow cells along the larval skeleton (Fig.
3.12H, I), indicating that the control red and green cells had collaborated in syncytium
formation. By contrast, when two red micromeres injected with foxN2/3 MASO were
transplanted to an unlabeled micromereless embryo along with two green control
micromeres, the green PMCs contributed to the skeleton, but the red FoxN2/3 KD PMCs
remained in the blastocoel separate from the skeleton (n=3/3+1/2, 2 independent
experiments) (Fig. 3.12J, K). Thus, knockdown of FoxN2/3 in PMCs results in a failure
of these cells to be incorporated into the syncytium, explaining at least one of the reasons
that the larval skeleton is malformed in FoxN2/3 KD embryos.
As a further independent test, since the function of FoxN2/3 is shown to be
downstream of Tbr, we predicted that knockdown of Tbr should produce some, if not all,
the defects shown by knockdown of FoxN2/3. Accordingly, the same micromere
transplant experiments were performed with the tbr MASO injected embryos (Fig. 3.12L,
M). As predicted, the Tbr KD PMCs also failed to produce a larval skeleton and failed to
prevent SMCs from transfating; the recombinant embryos had a normal skeleton
produced by cells without fluorescent dye (n=3/3+3/3, 2 independent experiments) (Fig.
3.12M).

3.2.4 The downstream targets of FoxN2/3
To further understand the molecular function of FoxN2/3 in PMCs, we looked at
the expression of potential downstream target genes of FoxN2/3 in the PMC GRN. First,
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Msp130, a PMC-specific cell-surface glycoprotein involved in skeletogenesis, was
examined by immunostaining (Fig. 3.13A-D). The foxN2/3-MASO injected embryos
showed no expression of Msp130 about 12 hours after fertilization, when control
embryos showed high level of Msp130 in PMCs (Fig. 3.13A, C). Eventually, Msp130
expression was recovered in the ingressed cells of foxN2/3 KD embryos (Fig. 3.13D, at
20 hours post fertilization); whether these Msp130-expressing cells were the original
PMCs or the transfated PMCs from SMCs was not determined, but the expression
coincided with the appearance of the transfated PMCs in micromere-removed embryos
(Ettensohn and McClay, 1988).
When we examined other skeletogenic genes by QPCR in FoxN2/3 KD embryos,
sm30 and sm50 expression levels were also strongly reduced, consistent with the
hypothesis that many skeletogenic genes require FoxN2/3 input (Table 3.1). Eventually,
expression of the skeletogenic genes assayed, i.e. Msp130, sm30 and sm50, recovered in
later stages of FoxN2/3 KD embryos. Again, that “recovery” may instead have been the
expression by transfated PMCs. In either case, these results indicate that FoxN2/3 is
necessary for the early expression of skeletogenic genes. Another FoxN2/3 target is the
VEGF Receptor (VEGFR), which is known to be involved in the proper organization of
larval skeleton (Duloquin et al., 2007). WMISH showed that the expression of vegfr in
the PMCs is absent in FoxN2/3 KD embryos while the control embryos showed vegfr
mRNA in the ingressed PMCs (Fig. 3.13H, I). In the FoxN2/3 KD embryos, vegfr
expression recovered during later gastrulation, just as other skeletogenic genes recovered
(Fig. 3.13J). Time-wise, foxN2/3 mRNA disappears from PMCs after ingression, about
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Table 3. 1 Effect of foxN2/3 MASOs (MO1 and MO2) on expression of the
skeletogenic genes.

Q-PCR (∆∆Ct)

FoxN2/3 MO1

FoxN2/3 MO2

Sm30

-6.20/-7.02

-2.66/-3.45

Sm50

-4.42/-8.52

-1.91/-2.51

QPCR results show that foxN2/3 MASO knocks down expression of sm30 and
sm50, both genes are necessary for the skeletal matrix. Embryos were harvested at the
mesenchyme blastula stage. The Ct (Crossing point threshold) values were normalized to
ubiquitin and ∆∆Ct values were calculated by subtracting the sample from the control.
Two separate sets of experiments are shown.
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Fig. 3. 13 foxN2/3 and PMC-specific gene expression.

(A-D) 1d5 immunostaing labling Msp130. (A, B) Msp130 is expressed in the
control embryo in the PMCs at the mesenchyme blastula and early gastrula stage. (C, D)
Msp130 expression is greatly delayed in foxN2/3 MASO-injected embryos. (E-H) Whole
mount in situ hybridization of vegfr. (E, -G) vegfr is expressed in the ingressed PMCs of
control embryos. (H, I) vegfr is repressed in foxN2/3 KD embryos, but recovers later (J).
MB, mesenchyme blastula; EG, early gastrula; LG, late gastrula; Pr, prism
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the time skeletogenic genes along with vegfr begin to be expressed in PMCs. Thus, while
FoxN2/3 is part of the GRN that activates skeletogenic genes and vegfr, it is not likely to
be involved in long-term maintenance of expression. In the endomesoderm GRN model
of S. purpuratus, expression of the skeletogenic genes is driven by a massively parallel
set of inputs; our results suggest that FoxN2/3 is one of those inputs and a number of
those inputs continue to be expressed after ingression. Nevertheless, even though PMCs
lost FoxN2/3 shortly after the ingression, the new status of the GRN depends on the
earlier GRN state that included FoxN2/3 as an important transcriptional input.
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3.3 discussion
3.3.1 Control of foxN2/3 expression in micromeres
The dynamic expression pattern of foxN2/3 is similar to the subcircuit of Blimp1,
Wnt8 and Otx, as well as to their downstream genes including hox11/13b and eve (Smith
et al., 2008; Smith et al., 2007). However, knockdown of Blimp1b fails to change the
foxN2/3 expression pattern. Instead, in the descendants of the large micromeres, foxN2/3
expression requires Ets1 and Tbr, downstream of Pmar1 and ß-catenin, for its activation.
We cannot rule out a direct input from either Pmar1 or ß-catenin, though by the time
foxN2/3 expression is activated , both of those factors are reduced or absent in
micromeres progenies. Both, however, are upstream of Ets1 and Tbr expression, the two
TFs shown to be required and expressed at the time of foxN2/3 activation. Further,
inhibition of Ets1 activation or knockdown of Tbr did not inhibit foxN2/3 expression in
SMCs (non-skeletogenic mesoderm cells), indicating that control of expression of
foxN2/3 in PMCs and SMCs employs independent regulatory mechanisms. Furthermore,
in the mesoderm, foxN2/3 is activated independent of the Delta signal that is necessary
for several core transcription factors of the SMC gene regulatory network (Sherwood and
McClay, 1999; Sweet et al., 2002). The endodermal expression of foxN2/3 after the
mesenchyme blastula stage diverges into weak expression in the foregut and stronger
expression in the mid/hindgut area during late gastrulation; this pattern implies that yet
another regulatory mechanism exists that is distinct from the mesodermal control module.
Thus, our data suggest that at least three different cis-regulatory modules are employed
for the expression of foxN2/3 during early development up to gastrulation.
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This study on foxN2/3 expression highlights the benefits of using a GRN model as
a guide to elucidate regulatory interactions. The PMC GRN provided a logical
framework, allowing us to focus our efforts on candidates for the regulators of foxN2/3
expression in PMCs. Pmar1 is one of the earliest PMC-specific transcription factors
activated by β-catenin nuclear localization and it regulates most downstream PMC
specific genes. Thus it was expected that Pmar1 would be necessary for foxN2/3
expression in PMCs as well, and our results support that hypothesis. The PMC GRN also
provided candidates to explain the temporal difference between the modeled Pmar1
activation, and the actual time of foxN2/3 induction. We predicted that foxN2/3
expression requires additional inputs from other components of the micromere GRN. The
prior information quickly led us to Ets1 and Tbr which were found to regulate foxN2/3
expression in PMCs. Thus, the PMC GRN was utilized as a map to find the proper niche
of a gene in the PMC specification cascade. By extension, any gene can be examined in
this way to find its position in the network, using the prior knowledge contained in GRN
models.

3.3.2 Function of FoxN2/3 in micromeres and PMCs.
Immunostaining, QPCR and WMISH data show that FoxN2/3 KD prevents the
early expression of skeletogenic genes and other PMC-specific genes. Thus, FoxN2/3 is
indispensible for the circuitry controlling PMC differentiation genes. This circuitry takes
the appearance of many parallel inputs because the GRN is responsible for activation of
all PMC differentiation genes (Peter and Davidson, 2009). Some of the PMC
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differentiation genes are known to receive direct inputs from a large subset of those
transcription factors, but unless a detailed cis-regulatory analysis is done it is not possible
to distinguish between a contribution of the TF to the GRN state, or directly to the
activation of downstream genes. In the case of foxN2/3, however, expression is
extinguished in PMCs shortly after ingression. These data suggest that the importance of
FoxN2/3 in the PMCs is in achieving a competent GRN state rather than directly
contributing to activation of the downstream genes. Of course this does not rule out
possible direct inputs from FoxN2/3 into the PMC differentiation genes, but if FoxN2/3
has a direct input, it must transfer continuing expression of those genes to other
transcription factors shortly thereafter, because it disappears from PMCs.
As shown previously, knockdown of the VEGF receptor (VEGFR) resulted in a
failure to produce a skeleton in embryos (Duloquin et al., 2007). We observed that the
knockdown of FoxN2/3 in micromeres caused a large reduction in vegfr expression, yet
eventually some embryos produced spicules, though they are highly disorganized and
shorter than normal ones. We then learned that vegfr expression in FoxN2/3 KDs was
recovered after gastrulation as well as other skeletogenic genes like Msp130. These
results imply that vegfr and the skeletogenic genes are induced by somehow bypassing
FoxN2/3 and still the recovery is not sufficient for proper formation of larval skeleton
without FoxN2/3. It is highly possible that the recovery of these genes would be late
(ectopic) induction in the transfated SMCs, other than the micromere descendants,
because without FoxN2/3, PMCs can not repress transfating (Fig. 6F); as a result of
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transfating, the neo-PMCs can go around the FoxN2/3 KD block to synthesize the vegfr
and skeletogenic genes.
In this study, FoxN2/3 is shown to be involved in PMC organization, fusion,
differentiation, and cell-to-cell signaling. FoxN2/3 is one of a number of TFs contributing
to the network state that must be reached before differentiation ensues. The diverse
phenotypes in the FoxN2/3 KD embryos show the consequence of disturbing the
regulatory state of a GRN that controls progression of this lineage. If a similar study were
performed on other transcription factors controlling PMC differentiation (e.g. Tel, Hex or
Tgif), the outcome would likely be similar to the findings with FoxN2/3. In our view, one
transcription factor may be necessary for, but does not singularly regulate all of these
processes; rather it is the system of transcription factors tied together by the GRN that
controls those functions. In some cases, these regulatory interactions are direct inputs into
the differentiation functions, while in other cases, the regulatory interactions are inputs
into a later state of the GRN. The current GRN model depicts the inputs into
differentiation genes as parallel, and without doubt, there are parallel drivers of the
skeletal matrix genes, for example (Amore et al., 2003). However, the successive GRN
states that first cause differentiation, and then maintain it, remain to be solved in detail.
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Chapter 4. FGF signaling and pattern formation in the
sea urchin embryo
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4.1 Introduction
The formation of body axes is one of the most important processes of embryonic
development of sea urchins. Sea urchins have three basic body axes. The animal-vegetal
axis is maternally determined and approximates the future anterior-posterior axis. The
oral-aboral axis and the left-right axis are specified after fertilization (Horstadius, 1973).
During sea urchin development the animal-vegetal axis persists from unfertilized eggs
and the classic experiment of Horstadius showed that the loss of the vegetal half results in
abnormal morphogenesis of the sea urchin embryo (Horstadius, 1973; Josefsson and
Horstadius, 1969). The localization of Dishvelled at the vegetal pole and the entry of βcatenin into the nuclei of the vegetal blastomeres were shown to play critical roles in cell
fate determination along the animal-vegetal axis (Ettensohn, 2006; Logan et al., 1999;
Wikramanayake et al., 1998). The specification of the animal pole has not been fully
investigated but recently FoxQ2 was shown to have the earliest known animal pole
specific expression profile and experiments suggest this transcription factor also plays an
important role in oral-aboral axis formation (Tu et al., 2006; Yaguchi et al., 2008).
The sea urchin oral-aboral axis is specified after fertilization; separation of a twocell stage embryo produces two half-size, complete larvae. However, redox data suggests
there may be a maternal asymmetric bias along the oral-aboral axis in the egg. There is
evidence that mitochondria are asymmetrically distributed and a difference in redox
states affects the oral-aboral axis formation (Coffman and Davidson, 2001). Somehow,
this asymmetry is thought to lead to asymmetric expression of Nodal in the oral half of
the cleavage stage embryos. Nodal, a member of TGFβ family, then affects the
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determination and differentiation of the oral-aboral tissues (Duboc et al., 2004). The
mechanism of the asymmetric induction of nodal in the future oral ectoderm is not
completely understood, but recently a number of upstream regulators have been reported.
The asymmetric inactivation of p38 MAP kinase on the aboral side is required for the
oral-specific expression of nodal (Bradham and McClay, 2006). In addition, the study of
cis-regulatory elements showed Univin and Nodal itself can act as positive regulators
(Nam et al., 2007; Range et al., 2007). Another interesting regulator is FoxQ2 which is
expressed in the animal half of the embryo before being restricted to the animal pole, and
is proposed to connect the animal-vegetal axis and the oral-aboral axis (Yaguchi et al.,
2008). FoxQ2 can repress nodal expression in the animal half during early cleavages and
Wnt signaling from the vegetal side restricts FoxQ2 expression progressively to the
animal pole and allows nodal expression in the oral side. Thus, by restricting FoxQ2 to
the animal pole and allowing Nodal expression, the animal-vegetal axis affects oralaboral axis formation. Nodal is expressed in the future oral ectoderm and induces oralspecification genes: Goosecoid (Gsc) and BMP2/4 (Duboc et al., 2004; Flowers et al.,
2004). Gsc is a transcription factor which is expressed in the oral ectoderm and represses
aboral-specification genes (Angerer et al., 2001). BMP2/4 is another member of TGFβ
family which is induced in the oral ectoderm by Nodal. However, BMP2/4, a morphogen
which can diffuse long distances, acts upon cells at the opposite (aboral) side, prevents
the expression of oral-specification genes on the aboral side and promotes expression of
aboral genes (Angerer et al., 2000).

74

As previously mentioned in Chapter 2, the FGF signaling pathway is also known
be involved in axis formation in a number of organisms. The ectopic expression of FGF
ligand can induce a partial secondary axis (Furthauer et al., 1997) or dorsalize zebrafish
embryos (Furthauer et al., 2001; Furthauer et al., 2004) and inactivation of the FGF
signaling pathway resulted in the induction of ventral genes in the dorsal tissue.
Furthermore, FGF signaling is known to be required for the organizer along with βcatenin and Nodal (Maegawa et al., 2006). These results strongly support the hypothesis
that FGFs play a pivotal role in embryonic axis formation. In addition, it has been
reported that FGF signaling is involved in asymmetric expression of Nodal in many
organisms. However, FGF works either as an inducer or a repressor of nodal depending
on the model organism, and the induction mechanisms are not fully understood (Boettger
et al., 1999; Meyers and Martin, 1999; Tanaka et al., 2005).
The sea urchin is a great model to study axis formation because during the feeding
larval stage they have bilateral symmetry and the body plan of the larvae is very simple.
The larval skeleton is one of the key characteristics which show the oral-aboral axis
pattern in the sea urchin embryo. The skeleton is produced by a specific set of cells,
PMCs, and has a stereotypic organization and a specific gene expression profile. The
PMCs form two bilateral clusters between the oral and the aboral side immediately inside
the expression sites of FGF and VEGF; these signaling molecules, produced by the
ectoderm initially, are known to regulate the organization of PMCs (Duloquin et al.,
2007; Rottinger et al., 2008). The restricted expression of FGF and VEGF depend on the
proper oral-aboral axis formation (Duloquin et al., 2007; Rottinger et al., 2008).
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Experimentally induced defects in oral-aboral axis formation affect the patterning of
skeletogenesis. For instance, nodal overexpression is known to oralize the whole embryo;
when nodal mRNA is injected, the PMCs instead of forming two bilateral clusters, each
with a single spicule rudiment, instead, produce multiple spicules around the base of
archenteron (Duboc et al., 2004). Thus skeletogenesis provides a convenient visual
reporting tool for studying axis formation of the sea urchin embryo.
In this study, we showed that FGF signaling is important for the regulation of
nodal expression during the early development of sea urchin embryos. Knockdown of
FGFR1 or FGF results in the oralization of the embryo with multiple numbers of spicules
in a radialized pattern. The increased number of spicules and the radialized organization
of larval skeleton could be explained by the abnormal expression pattern of FGF and
VEGF ligands which also results from inactivation of the FGF-FGFR1 signaling. nodal is
induced in all of the blastomeres of the FGF/FGFR1 KD embryos, and other oral marker
genes are also expressed all around the ectoderm. This ectopic expression of oral markers
is at the expense of aboral marker genes which are repressed in the absence of FGFR1.
The ciliary band, which is located between the oral and aboral side, is also missing. The
ectopic activation of nodal by FGFR1 KD requires active p38 MAP kinase. In addition,
foxQ2, a repressor of nodal in the animal pole, is repressed in FGF/FGFR1 KD embryos
during the hatched blastula stage. Thus, FGF signaling is required for oral-specific
expression of nodal and the proper formation of oral-aboral axis formation in the sea
urchin embryo.
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4.2 Results
4.2.1 The expression pattern of FGFR1, FGF
The partial coding sequences of LvFGFR1 and LvFGF were obtained by PCR
from a cDNA pool of L. variegatus, using degenerative primers designed from
Strongylocentrotus purpuratus and Paracentrotus lividus sequence. The 5’ UTR and full
coding sequence of both genes were obtained by 5’ and 3’ RACE PCR.
Based on the expected open reading frame from the sequence data, LvFGFR1
encodes a 979-amino acid protein with three IG-like domains located from residue 156 to
243, 283 to 375, and 384 to 510 and one protein tyrosine kinase domain from 404 to 506
(http://www.expasy.ch/prosite/ and
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) (accession number XXXXXXX).
The overall similarity of the amino acid sequences between FGFR1 of L. variegatus and
FGFR of S. purpuratus (NP_999702) was 83% and FGFR1 of L. variegatus and FGFR1
of P. lividus was 79%. The nucleotide sequence data showed that LvFGF encodes a 342amino acid protein with an FGF domain (including a heparan binding site and a receptor
interaction site, http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) located from
residue 211 to 333. The overall similarity of the amino acid sequences of FGF between L.
variegatus and S. purpuratus (XP_001177117) was 88% and FGF of L. variegatus and
FGF9/16/20 of P. lividus (ABO65253) was 78%.
We performed whole mount in situ hybridization (WMISH) to assess the
expression pattern of fgfr1 and fgf in L. variegatus embryos (Fig. 4.1A-H and Fig. 4.2AD). In hatched blastula, fgfr1 mRNA was highly accumulated in the animal pole region
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Fig. 4. 1 Dynamic expression pattern of fgfr1 in sea urchin development.

(A-H) Whole mount in situ hybridization of fgfr1, (A-C) fgfr1 signal is not
detectable at the 16- and 128-cell stages, and early blastula stage. (D) At the hatched
blastula stage, fgfr1 is expressed in the animal pole and the vegetal plate. (E-G) At the
mesenchyme blastula and early gastrula stage, fgfr1 is expressed the ingressed PMCs, the
vegetal plate and the animal pole. (H) At the prism stage, fgfr1 is repressed in the animal
pole but remains in the gut area and the coelomic pouches. (I) QPCR results show that
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Fig. 4. 1 (Continued) Dynamic expression pattern of fgfr1 in sea urchin
development.

sea urchin embryos have maternal fgfr1 mRNA which disappears around 6 hours post
fertilization. The CT (Crossing point threshold) values were normalized to ubiquitin and
∆∆Ct values were calculated by subtracting from the 6 hours post fertilization embryos.
Three separate sets of experiments are shown.
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and this expression was maintained during gastrulation (Fig. 4.1D-G). WMISH also
showed that fgfr1 mRNA was expressed in the vegetal plate region after hatching and that
the PMCs maintained fgfr1 expression after ingression (Fig. 4.1D-F). At the mesenchyme
blastula stage, fgfr1 expression in the animal pole was seen as a solid circle and in the
vegetal plate observed as an open ring. fgfr1 expression in both the animal pole area and
the mesodermal cells were decreased at the prism stage (Fig. 4.1H). During gastrulation,
the invaginating archenteron started to express fgfr1 mRNA and later the entire gut area
and the precursors of coelomic pouch continued fgfr1 expression. This early expression
pattern of L. variegatus fgfr1 is similar to that previously reported for P. lividus (Lapraz
et al., 2006) with some differences; one exception is that we could not detect oral-specific
expression.
QPCR results showed that fgfr1 mRNA was maternally loaded; this maternal
mRNA decreased during cleavages and around 6 hours post fertilization, fgfr1 mRNA
level was at its lowest level (Fig. 4.1I). The expression of fgfr1 increased after hatching
and was kept at a high level during gastrulation; this is similar to the previous report for S.
purpuratus (McCoon et al., 1996; McCoon et al., 1998). By WMISH we could not detect
localized fgfr1 mRNA during the early cleavage stages, thus, we expect that fgfr1 mRNA
exists ubiquitously during this period of development.
We performed WMISH for fgf mRNA as well and the expression pattern was very
similar to the previous report (Rottinger et al., 2008). At the mesenchyme blastula stage,
fgf mRNA accumulated in two clusters of the equatorial ectoderm area (Fig. 4.2A, B).
These ectodermal regions are known to be located adjacent to where the PMCs aggregate
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Fig. 4. 2 Expression pattern of fgf in sea urchin development.

(A, B) At the mesenchyme blastula stage, fgf is expressed in the two patches of ectoderm
(C, D) At the prism stage, fgf is expressed in the two clusters of PMCs and two
ectodermal areas which are immediately close to the PMCs. (A) and (C) show the lateral
view ;(B) and (D) show the vegetal view. (E) QPCR results show that sea urchin embryos
have maternal fgf. The Ct (Crossing point threshold) values were normalized to ubiquitin
and ∆∆Ct values were calculated by subtracting from the 6 hours post fertilization
embryos.
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to form bilateral clusters and start skeletogenesis. After archenteron invagination, fgf
mRNA expression was strongly detected in the bilateral clusters of PMCs as well (Fig.
4.2C, D). QPCR results showed that fg1 mRNA was maternally loaded but the mRNA
level is much lower than after hatching (Fig. 4.2E). The maternal fgf mRNA decreased
during cleavages and around 6 hours post fertilization, fgf mRNA level was increased
again.

4.2.2 The function of FGFR1 KD and FGF KD
4.2.2.1 FGFR1 KD

To elucidate the function of FGFR1 in early sea urchin development, we knocked
down (KD) FGFR1 expression. An fgfr1 MASO was designed complementary to the
5’UTR sequence of FGFR1 and injected into fertilized eggs to inhibit the endogenous
translation of FGFR1. The efficiency and specificity of fgfr1 MASOs was shown by
repression of membrane Red Fluorescence Protein (memRFP) fused to the FGFR1
5’UTR sequence. The expression of FGFR1 5’ UTR connected to memRFP was
eliminated in the presence of the fgfr1 morpholino (Fig. 4.3. B, C) while memRFP
downstream of FoxN2/3 5’ UTR was not repressed (Fig. 4.3G, H). Thus the MASO is
efficient and specifically blocks FGFR1 translation.
FGFR1 KD embryos appeared normal until the early gastrula stage (Fig. 4.4A, B).
PMC ingression occurred at the same time as ingression in control embryos. In about
75% of fgfr1 MASO injected embryos, the archenteron invagination began at the same
time point as in the control embryos. However, after the early gastrula stage,
82

Fig. 4. 3 The efficiency and specificity of fgfr1 MASO and fgf MASO.

(A) Schematic diagram of the membrane RFP constructs. 5’ UTR region or
FGFR1, FGF, or FoxN2/3 is inserted into the pCS2-membrane RFP construct in forward
direction. (B, C) fgfr1 MASO represses the FGFR1 UTR :mRFP. (D) Control embryo
shows no membrane RFP expression. (E, F) fgf MASO repressed the FGF UTR:mRFP.
(G-I) Both of the MASOs can not repress FoxN2/3 UTR :mRFP. All of the confocal
images in the same row were taken in the same setting.
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Fig. 4. 4 Perturbation of FGFR1 and skeletogenesis.

(A, B) When control embryos undergo normal gastrulation, FGFR1 KD embryos
also start archengeron invagination. (C, D) While control embryos reach the pluteus
stage, the FGFR1 KD embryos only have rudiments of larval skeleton and the number is
vary. (E-F) After 48 hours post fertilization, the fgfr1 MASO injected embryos have
elongated spicules, but they are not organized as controls.

84

development of FGFR1 KD embryos slowed and they remained at the late gastrula stage
when control embryos had reached the pluteus stage. At the stage when control embryos
already had well-organized skeletons with elongated arms; the FGFR1 KD embryos had
only started to form the rudiments of larval skeleton (Fig. 4.4C, D). However, the
expression of the skeletogenic genes, L1 and Msp130, in FGFR1 KD embryos was not
repressed (Fig. 4.5A, D). Normal embryos have two rudiments of larval skeletons formed
in the bilateral clusters of PMCs located between the oral and aboral side; the FGFR1 KD
embryos have a higher number of rudiments and they formed on the vegetal side, close to
the ectoderm, but the skeletons did lacked bilateral symmetry (Fig. 4.4D’). Thus the oralaboral axis appeared to be lost in the absence of FGFR1. In some of the FGFR1 KD
embryos, PMCs were organized in an even ring two-cells thick around the base of
archenteron, instead of clustering at the ventro-lateral area. This organization made the
embryo appear to have more PMCs but the actual number of PMCs did not significantly
change (Fig. 4.5B, E). 48 hours after fertilization, when control embryos reached fully
developed larvae, the FGFR1 KD embryos had elongated spicules; most of them located
around the vegetal side of the blastopore, and the larval skeletons were not organized and
branched in very irregular directions (Fig. 4.4F, F’). The number of pigment cells was
reduced in some fraction of the FGFR1 KD embryos and depending on the batch, a small
number of embryos lost all of their pigment cells (data not shown). fgfr1 MASO injected
embryos started invagination of the archenteron normally, their guts elongated, and three
distinctive parts could be observed. However, the gut did not bend to the oral side nor
form stomodeum without FGFR1. Immunostaining using a monoclonal antibody against
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Fig. 4. 5 FGFR1 KD and endomesodermal differentiation.

(A, D) L1 (red) and Msp130 (green) immunostaining. The PMCs in FGFR1 KD
embryos showed normal L1 and Msp130 expression at the late gastrula stage. (B, E) L1
(red) immunostaining. FGFR1 KD embryos show normal number of PMCs at the prism
stage. (C, F) 5C7 (endoderm marker) staining shows that FGFR1 KD embryos have less
organized structures in endoderm, especially to the lumen side. The exposure time for (F)
is higher to detect the pattern of fluorescence signal more exactly. (A, C, D and F) show
the lateral view; (B) and (E) show the vegetal view.
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endoderm, 5C7, showed an even expression at the cell surface of endodermal cells in
control embryos but in FGFR1 KD embryos, the expression level was greatly reduced
and the signal was aggregated to the lumen side (Fig. 4.5C, F). This immunostaining
result suggests that the differentiation of endodermal cells do not progress entirely
normally and there are defects in the cellular structure of the guts of FGFR1 KD embryos.
From WMISH we observed that fgfr1 is expressed in cells located in both the
animal pole and the vegetal plate (Fig. 4.1). Thus, we asked which fgfr1 expressing
domain is important for the proper organization and formation of larval skeleton. To
answer this question, we produced chimeric embryos which consisted of an fgfr1 MASO
injected animal half and a control vegetal half or a control animal half and an fgfr1
MASO injected vegetal half by micro-transplanting experiments (Fig. 4.6A). When
FGFR1 function was absent from the vegetal plate, the embryos formed normal larval
skeletons (Fig. 4.6D, H). On the other hand, if FGFR1 translation was blocked in the
animal half, the embryos had a phenotype similar to the FGFR1 KD embryos: loss of
organization and delayed skeleton formation (Fig. 4.6E, I). Thus, FGFR1 expression in
the animal half of the embryo appears to affect the organization of PMCs and the
formation of the larval skeleton.

4.2.2.2 FGF KD

For FGFR1 to be activated, FGF ligand molecules are required. Thus, we next
studied FGF function. To find the function of FGF in early development of the sea urchin,
we blocked production of FGF protein and compared its phenotype with FGFR1 KD
87

Fig. 4. 6 . FGFR1 and organization of larval skeleton.

(A) Schematic diagram of the animal-vegetal half swapping experiment. FGFR1
KD embryos are labeled with rhodamine and control embryos are labeled with FITC. (BE) At the mesenchyme blastula stage, FGFR1 KD embryos and embryos with FGFR1
KD animal or vegetal half undergo normal archenteron invagination as control embryos.
(F, H) Around 48 hours after fertilization, control embryos become pluteus with fully
develop arms and embryos with FGFR1 KD vegetal half also develop normally. (G, I)
FGFR KD embryos and embryos with FGFR1 KD animal half show elongated spicules
without proper organization.
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embryos. An fgf MASO was designed complementary to the 5’UTR sequence of FGF
and injected into fertilized eggs. The efficiency and specificity of fgf MASO was shown
by repression of memRFP fused with FGF 5’UTR sequence, as we showed in the case of
fgfr1 MASO. The expression of FGF 5’ UTR connected to memRFP was eliminated in
the presence of the fgf MASO (Fig. 4.3E, F), while memRFP downstream of FoxN2/3
5’ UTR was not repressed (Fig. 4.3G, I). Thus the morpholino was shown to be
efficient and specific to block FGF translation.
FGF KD embryos underwent early cleavages normally and without delay. About
70% (n=42/57) of the FGF MASO-injected embryos underwent ingression of PMCs at
the same time control embryos showed ingression. Around the mesenchyme blastula
stage, the development of FGF KD embryos slowed compared to control embryos. When
the control embryos started archenteron invagination, only 5% (n=4/75) of FGF KD
embryos showed the onset of invagination and 67% (50/75) of them remained in the
mesenchyme blastula stage, and 28% (n=21/75) of the embryos had not undergone PMC
ingression (Fig. 4.7B). After gastrulation of controls, the phenotypes of fgf MASO
injected-embryos were distributed over a wide range. The organization of skeleton was
categorized into three types. The most severely affected embryo type (13% (n=7/53) with
1mM fgf MASO injection) did not have any elongated spicules or rudiments of skeleton;
the second type (70% (n=37/53), at 1mM) had differing numbers of skeletal rudiments
(from one to five or more) without bilateral symmetry, and those rudiments never fully
elongated (Fig. 4.7D, F). This phenotype is most similar to the FGFR1 KD embryos, but
FGFR1 KD embryos tended to grow longer spicules than FGF KD embryos. The last
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Fig. 4. 7 Perturbation of FGF and skeletogenesis.

(A, B) While control embryos undergo gastrulation, FGF KD embryos show no
archenteron invagination. (C, D) When control embryos reach the pluteus stage, FGF KD
embryos do not have skeletogenesis and the archenteron is not fully developed. (E-F)
After 48 hours post fertilization, the fgf MASO injected embryos have elongated spicules,
which are not organized.
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type (17% (n=9/53) at 1mM) had two rudiments or short spicules in the bilaterally
symmetric pattern as in control embryos, but the elongation of spicules was delayed and
did not achieve full length. The skeletogenesis phenotypes of FGF KD embryos became
more severe when a higher concentration of fgf MASO was injected (Table 4.1).

4.2.3 The ectodermal signaling and skeletogenesis
As previously reported, ectodermal signals play important roles in proper
organization of PMCs and larval skeleton. Röttinger et al. and Duloquin et al. showed
that FGF and VEGF signaling pathways are required for normal skeletogenesis
(Duloquin et al., 2007; Rottinger et al., 2008). Both the FGF and VEGF ligand are
expressed in the two small patches of ectoderm along the border between the oral and
aboral side, close to the vegetal plate. To elucidate how fgfr1 MASO and fgf MASO
changed the organization of the larval skeleton, we decided to test how FGF and VEGF
signaling pathways respond to FGFR1 KD or FGF KD.

4.2.3.1 Perturbation of FGFR1/FGF and the FGF signaling pathway

As shown in Fig 4.8A-D, knockdown of FGFR1 increased the intensity and
widened the area of fgfr1 expression in the animal pole. The increase of fgfr1 mRNA
level in the vegetal plate was not as obvious as in the animal pole and the open ring
shaped expression was maintained in the FGFR1 KD embryos. At the late gastrula stage,
control embryos lost fgfr1 expression in the animal pole, but the FGFR1 KD embryos
maintained very intense expression of fgfr1 mRNA which covered a broad area (Fig.
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Table 4. 1 fgf MASO concentration and organization of larval skeleton.

fgf MASO
number of embryos
Bisymmetric

1.5mM

1mM

0.75mM

0.5mM

10

9

19

33

Random

23

37

14

0

No skeleton

32

7

2

0

Embryos were scored at 24 hours after fertilization fgf MASO injection at the
highest concentration (1.5mM ) inhibits the formation of larval skeleton. Embryos which
are injected fgf MASO at 1mM, show spicules in randomized organization. Lower the
concentration of fgf MASO results more organized larval skeleton.
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4.8B, D). Endodermal expression of fgfr1 could be detected, but at a lower level than
normal expression. These expression pattern changes suggest that FGFR1 negatively
regulates de novo synthesis of its own mRNA in the animal pole and without active
FGFR1, fgfr1 mRNA is induced in other cells which do not normally express it in the
controls. That inhibition of FGFR1 in the animal pole after gastrulation requires active
FGFR1 signalling is also supported by QPCR data; as shown in the Table 4.2, fgfr1
mRNA level did not change during early cleavages, but FGFR1 KD embryos expressed
more fgfr1 mRNA after hatching, when zygotic transcription of fgfr1 starts.
Next, we looked at the effects of fgfr1 MASO on the pattern of fgf expression
during early development. At the mesenchyme blastula stage, we could see fgf mRNA by
WMISH in two ventro-lateral patches of ectoderm in the controls. However, in the
FGFR1 KD embryos, we could not detect any signal of fgf mRNA within ectodermal
cells (Fig. 4.8G, I). After gastrulation, subsets of control PMCs began to express fgf
mRNA; those PMCs are located in the center of the two ventro-lateral clusters where the
rudiments of spicule normally form (Fig. 4.8 H, H’). In the FGFR1 KD embryos, fgf
mRNA could be detected in various numbers of small PMC clusters but the number of
clusters was varied from just one to many, and the number of fgf expressing PMCs was
not consistent (Fig. 4.8J, J’). From these results, it appeared as though the bilateral
information that normally restricted fgf mRNA expression to the two bilateral clusters
was lost. Further fgf expression in the two ectodermal patches, requires active FGFR1 ,
but the induction of fgf in the PMCs does not depend on FGFR1.
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Fig. 4. 8 FGFR1 KD and expression of fgfr1, fgfr2 and fgf.

(A-D) Whole mount in situ hybridization (WMISH) of fgfr1. (A, C) At the
hatched blastula stage, FGFR1 KD embryos show stronger and broader fgfr1expression
in the animal pole than control embryos. (B, D) At the late gastrula stage, FGFR1 KD
embryos maintain high expression of fgfr1at the animal pole. (E, F) WMISH of fgfr2.
PMCs in FGFR1 KD embryos normally express fgfr2 at the mesenchyme blastula stage.
(G-J) WMISH of fgf. (G) At the mesenchyme blastula stage. fgf is expressed in the two
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Fig. 4. 8 (Continued) FGFR1 KD and expression of fgfr1, fgfr2 and fgf.

ectodermal patches but (I) FGFR1 KD embryos do not have fgf expression. (H) At the
late gastrula stage, two clusters of PMCs of control embryos show strong expression of
fgf. (J) FGFR1 KD embryos have fgf expression in most of the PMCs. All pictures show
the lateral view; except (H’) and (J’) show the vegetal view.
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Table 4. 2 FGFR1 KD and fgfr1 mRNA level.

FGFR1

FGFR1 KD 6hr

FGFR1 KD 10hr

FGFR1 KD 20hr

∆∆Ct

0.14/0.86

1.88/2.09

1.23

fgfr1 MASO increases fgfr1 mRNA level at 10hpf and 20hpf. The Ct (Crossing
point threshold) values were normalized to ubiquitin and ∆∆Ct values were calculated by
subtracting the sample from the control Ct. Two separate sets of experiments are shown.
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We also investigated the response of fgfr1 and fgf expression to fgf MASO
injections. First, we examined fgfr1 transcription in FGF KD embryos by WMISH. As
shown in Fig. 4.9C, at the mesenchyme blastula stage, knockdown of FGF resulted in
higher mRNA levels of fgfr1 in more cells at the animal pole, as compared to the control
embryos. This increased expression of fgfr1 agrees with the results of FGFR1 KD;
without FGF ligand, FGFR1 can not be activated and the induction of fgfr1 is not
repressed by itself. The later expression pattern of fgfr1 in FGF KD embryos was also
similar to FGFR1 KD embryos (Fig. 4.9D). The fgfr1 expression in the animal pole area
was maintained and the endodermal expression was detected at a lower level than in
controls.
Next, we tested the effect of FGF on the expression of itself. At the mesenchyme
blastula stage, only 20 to 30% of fgf MASO injected embryos expressed fgf and we could
not detect signal from the remaining MASO-injected embryos by WMISH (Fig. 4.9G).
At the late gastrula stage, most of the FGF KD embryos did not express fgf in the PMCs,
and of those that did, only a small fraction of PMCs expressed fgf (Fig. 4.9H). Since the
knockdown of FGFR1 does not erase fgf transcription from PMCs, this loss of fgf in
PMCs suggests that fgf induction in the PMCs requires active FGF signaling through a
receptor other than FGFR1 (the FGFR2 is known to be expressed strongly in PMCs
(Rottinger et al., 2008).
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Fig. 4. 9 FGF KD and expression of fgfr1 at and fgf.

(A-D) Whole mount in situ hybridization (WMISH) of fgfr1. (A, C) At the
mesenchyme blastula stage, FGF KD embryos show wider and stronger fgfr1 expression
at the animal pole than control embryos. (B, D) At the late gastrula stage, FGF KD
embryos maintain fgfr1 expression at the animal pole which disappears in control
embryos. (E-H) WMISH of fgf. (E) At the mesenchyme blastula stage. fgf is expressed in
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Fig. 4. 9 (Continued) FGF KD and expression of fgfr1 at and fgf.

the two ectodermal patches but (G) FGF KD embryos do not have fgf expression. (F) At
the late gastrula stage, two clusters of PMCs of control embryos show strong expression
of fgf. (H) FGF KD embryos do not have fgf expression in most of the PMCs. All pictures
show the lateral view; except F’ shows the vegetal view.
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4.2.3.2 Perturbation of FGFR1/FGF and the VEGF signaling pathway

We looked at the effect of perturbation of FGF signaling on the VEGF signaling
pathways and tested to determine if there is crosstalk between the two pathways.
In order to test the change of expression of vegf and vegfr, we cloned the LvVEGF
full CDS and a partial CDS of VEGFR and performed WMISH. The vegfr expression
pattern was also very similar to the previous report (Duloquin et al., 2007) (Fig. 4.10A-D).
vegfr expression was first detected during the mesenchyme blastula stage in the PMCs
exclusively and this expression was maintained in PMCs throughout gastrulation. At the
prism stage, only a subset of the PMCs expressed vegfr mRNA and the intensity of signal
in WMISH was reduced. Next, we confirmed that vegf is expressed in small areas of
ectoderm close to ventro-lateral clusters of PMCs at the mesenchyme blastula stage as
previously reported (Fig. 4.10E-I). Interestingly, after hatching, vegf was expressed in a
ring pattern in the ectoderm directly above the endoderm (Fig. 4.10F) and then was
secondarily restricted into the two specific areas between the oral and aboral ectoderm by
the mesenchyme blastula stage (Fig. 4.10G, G’). The earlier ring shaped expression was
not reported in the vegf pattern in P. lividus (Duloquin et al., 2007).
After establishing the expression patterns of the vegfr and vegf mRNAs, we
investigated the change of vegfr expression in FGFR1 KD embryos during early
gastrulation (Fig. 4.11A-D). At the mesenchyme blastula stage, we detected vegfr mRNA
by WMISH in the ingressed PMCs (Fig. 4.11C). After gastrulation in control embryos,
subsets of the PMCs lost vegfr expression but the PMCs in the two bilateral clusters
continued expressing vegfr at a high level. FGFR1 KD embryos expressed vegfr mRNA
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Fig. 4. 10 vegfr and vegf expression in the L. variegatus.

(A-D) Whole mount in situ hybridization (WMISH) of vegfr. vegfr is expressed in
all of the PMCs from the mesenchyme blastula stage. (D) At the prism stage, vegfr
expression is restricted to subpopulations of PMCs. (E-I) WMISH of vegf. (F) At the
mesenchyme blastula stage, vegf is expressed in an equatorial belt between the ectoderm
and the endoderm. (G-I’) From the late mesenchyme blastula stage, vegf is expressed in a
two ectodermal patches. (I, I’) At the late gastrula stage some PMCs in the two bilateral
clusters express vegf. All pictures show the lateral view; except (G’, H’ and I’) show the
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Fig. 4. 10 (Continued) vegfr and vegf expression in the L. variegatus.

vegetal view. HB, hatched blastula; MB, mesenchyme blastula; EG, early gastrula; Pr,
prism; EMB, early mesenchyme blastula; LMB, late mesenchyme blastula; LG, late
gastrula.
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Fig. 4. 11 . FGFR1 KD and expression of vegfr and vegf.

(A-D) Whole mount in situ hybridization (WMISH) of vegfr. (A, C) At the
mesenchyme blastula stage, vegfr is expressed in all of the PMCs in FGFR1 KD
embryos. (B) At the prism stage, vegfr is strongly expressed in two bilateral clusters of
PMCs. (D) FGFR1 KD embryos express vegfr in most of the PMCs. (E-H) WMISH of
vegf. (E, G) At the mesenchyme blastula stage, vegf expression is restricted in two
ectodermal areas but FGFR1 KD embryos do not express vegf. (F, F’) At the prism stage,
vegf is expressed in the two ectodermal patches and small number of PMCs. (H, H’) In
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Fig. 4. 11 (Continued) FGFR1 KD and expression of vegfr and vegf.

the FGFR1 KD embryos, vegf expression is detected in a ring shape around the vegetal
plate and in some of the PMCs. All pictures show the lateral view; except (B’, D’. F’ and
H’) show the vegetal view.
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in most of the PMCs located in the vegetal side of blastocoel, in a ring around the
archenteron (Fig. 4.11D, D’). The number of fgf expressing PMCs in FGFR1 KD
embryos varied, but vegfr was expressed in most of the PMCs. These results suggest that
induction of vegfr expression in the PMCs is independent from active FGFR1 signaling
but later, FGFR1 plays an important role in the restriction of vegfr expression to subsets
of PMCs.
Next we asked if fgfr1 MASO affected the pattern of vegf expression during early
development. At the mesenchyme blastula stage, controls expressed the vegf mRNA in
two areas of ectoderm. However, in the FGFR1 KD embryos we did not observe vegf
expression in the ectodermal cells (Fig. 4.11E, G). This result implies that the FGF
signaling through FGFR1 is involved in the induction of VEGF ligand in the ectoderm.
After gastrulation, control embryos continued to express vegf mRNA in two patches of
ectodermal cells, which were located between the oral and aboral side, and some PMCs
close to the two patches (Fig. 4.11F, F’). In the fgfr1 MASO injected embryos, vegf was
expressed in a band around the embryo close to the blastopore; PMCs were located just
beneath the vegf expressing ectodermal cells, (Fig. 4.11H, H’). From these results, we
conclude that the early induction of vegf in two ectodermal patches needs active FGFR1
but without FGFR1, vegf transcription can recover later in the ectodermal cells. However,
the restriction of vegf expression to the two specific ectodermal areas requires activation
of FGFR1.
Finally, we determined how the fgf MASO injection changes the expression
pattern of vegfr and vegf during early development. At the mesenchyme blastula stage,
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we could detect strong vegfr expression in the ingressed PMCs of the fgf MASO injected
embryos (Fig. 4.12 A, C). This suggests that induction of vegfr expression in the PMCs is
not dependent on active FGF signaling. FGF KD embryos showed various patterns of
vegfr after gastrulation. A subset of the FGF KD embryos showed a similar expression
pattern to the control; vegfr was expressed in the two clusters of PMCs and other PMCs
lost vegfr mRNA (Fig. 4.12D, D’). Other FGF KD embryos kept expressing vegfr mRNA,
but the expression level was lower than it was at the mesenchyme blastula stage and a
small number of them showed almost no expression (Fig. 4.12E). After gastrulation, a
majority of the PMCs expressed vegfr or fgf at similar levels in some of the FGF KD
embryos and most of the FGFR1 KD embryos. This suggests that PMCs do not subdivide
into their normal subpopulations (tips of the elongating spicules or the connecting chains),
in FGF-FGFR1 signaling-impaired embryos.
Then, we tested the change of vegf expression pattern in the FGF KD embryos. At
the mesenchyme blastula stage, the normal vegf expression in the two patches of
ectoderm was not observed in the FGF KD embryos (Fig. 4.12F, H). This repression of
vegf expression in the ectoderm agrees with the results of FGFR1 KD; i.e. FGF signaling
through FGFR1 is involved in the early localization of vegf expression in the two
ectodermal patches. After gastrulation, the control embryos continued to express vegf
mRNA in the two patches of ectodermal cells between the oral and aboral side. fgf
MASO injected embryos showed various vegf expression patterns as well as vegfr;
around 71% (n=17/24) of the FGF KD embryos expressed vegf at the two bilateral areas
just as the control embryos did (Fig. 4.12I, I’). About 25% (n=6/24) of FGF KD embryos
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Fig. 4. 12 FGF KD and expression of vegfr and vegf.

(A-E) Whole mount in situ hybridization (WMISH) of vegfr. (A, C) At the
mesenchyme blasula stage, vegfr is expressed in all of the PMCs in FGF KD embryos.
(B) At the prism stage, vegfr is strongly expressed in two bilateral clusters of PMCs or
control embryos. (D, E) FGF KD embryos express vegfr in most of the PMCs but the
patterns are vary. (F-I) WMISH of vegf. (F, H) At the mesenchyme blastula stage, vegf
expression is restricted in two ectodermal areas in control embryos but FGF KD embryos
do not express vegf. (G, G’) At the prism stage, vegf is expressed in the two ectodermal
107

Fig. 4. 12 (Continued) FGF KD and expression of vegfr and vegf.

patches and small number of PMCs. (I, I’’) In the FGF KD embryos, vegf expression
shows similar patterns as control embryos with some variation. (A, B, C, D, F, G, H and
I) show the lateral view and (B’, D’, E, G’ and I’) show the vegetal view.
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showed weak vegf expression in random patches around the vegetal plate and the others
still did not express vegf mRNA (Fig. 4.12J). The ratio of embryos expressing vegf
showed some variation depending on batches. We expect the sensitivity to the MASO
concentration is responsible, as the phenotype of larval skeleton was sensitive to the
concentration of fgf MASO as well (chapter 4.2.2.2).

4.2.4 FGF signaling pathway and the oral/aboral axis formation
FGFR1 KD embryos had a skeletal patterning phenotype similar to that of NiCl2
treated embryos. Previously, Hardin et al reported NiCl2 treated embryos lose the oralaboral axis and become oralized (Gross et al., 2003; Hardin et al., 1992). After NiCl2
treatment the PMCs form a ring around the base of the archenteron and ectopic rudiments
start from those PMCs. Experimentally it was determined that the NiCl2-altered pattern
was attributed to ectoderm which sends signals to pattern PMC skeletogenesis. These
characteristics of larval skeleton were seen in FGFR1 KD embryos and some of the FGF
KD embryos (Fig. 4.4F, 4.7F). Because it appeared that it was ectodermal patterning that
was most affected by FGFR1 and FGF knockdowns we turned our focus to the formation
of the oral-aboral axis and the FGF signaling pathway.
To focus on oral-aboral patterning, we first observed changes in the expression
pattern of oral/aboral markers: for instance, brachyury (bra) which is expressed in the
oral ectoderm at the late gastrula stage. As shown in Fig. 4.13A, the control embryos
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expressed bra in subsets of ectodermal cells in the oral side and also in endoderm around
the base of the archenteron; the fgfr1 MASO injected embryos showed expression of bra

Fig. 4. 13 FGFR1 KD and oral-aboral axis formation.

(A, D) Whole mount in situ hybridization (WMISH) of brachyury (bra). (A)
Control embryos expressed bra around the future mouth area and the blastopore. (D)
FGFR1 KD embryos expressed bra gene in an equatorial belt and a ring around the
blatopore. (B, E) WMISH of goosecoid (gsc). (B) Control embryos express gsc only in
the oral ectoderm but (D) FGFR1 KD embryos have gsc expression in an equatorial belt.
(C-F) WMISH of tbx2/3. tbx2/3 is expressed in many sites including PMCs and aboral
ectoderm. (F, F’) In FGFR1 KD embryos, all of the PMCs express tbx2/3 but not
ectodermal cells. All pictures show the lateral view; except (C’) and (F’) show the
vegetal view.
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in a belt of cells at the middle of ectoderm, perpendicular to the animal-vegetal axis (Fig.
4.13D). We detected bra mRNA in the endoderm around the base of the archenteron as in
controls. The overall intensity of WMISH signal was stronger in the FGFR1 KD
embryos. We also tested the expression pattern of goosecoid (gsc), which is expressed in
the oral ectoderm. In the FGFR1 KD embryos at the late gastrula stage, gsc was
expressed in a belt at the middle of the ectoderm as well (Fig. 4.13E). These WMISH
results with bra and gsc strongly support the hypothesis that the FGFR1 KD embryos are
oralized.
tbx2/3 is known to be expressed in the aboral ectoderm and PMCs (Gross et al.,
2003). We expected therefore that the fgfr1 MASO would repress tbx2/3 expression.
Surprisingly, we saw much more tbx2/3 signal than in the controls (Fig. 4.13F). However,
when we looked at the embryos more closely, we realized that all of the PMCs expressed
tbx2/3 at a very high level and the ectoderm failed to express the tbx2/3 signal. Next, we
asked if the ciliary band is formed; it is known to be formed between the oral and the
aboral ectoderm. Ciliary band staining was performed with a ciliary band marker and
showed strong signals in the control embryos, but in the FGFR1 KD, the fluorescence
signal along the ectoderm disappeared and weak signal only could be detected around the
vegetal plate where previous work showed the ciliary band to reside in oral-radialized
embryos (Fig. 4.14). Collectively, these data suggest that the FGFR1 KD embryos lose
the aboral side of the ectoderm and become orally radialized.
We questioned when FGFR1 is involved in the oral-aboral axis formation. From
QPCR data, we observed that FGFR1 mRNA starts to accumulate at 8hr after fertilization
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Fig. 4. 14 FGFR1 KD and ciliary band formation.

(A-D) Immunostaining of monoclonal antibody 295 against ciliary bands. (A) At
the late gastrula stage, the ciliary band is formed between the oral and aboral ectoderm of
control embryos. (B) At the pluteus stage, the ciliary band is located the boundary of the
oral and the aboral side, along the arms. (C, D) No ciliary band is formed in FGFR1 KD
embryos. LG, late gastrula; Pl, pluteus.
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(the hatched blastula) and keeps its expression level high during gastrulation (Fig. 4.1I).
Thus, we looked at the mesenchyme blastula stages, about 10 hours earlier than the late
gastrula stage when we tested the bra and gsc expression. We performed WMISH with
irxa and gcm, both of which are known to show aboral expression at this stage (Ransick
and Davidson, 2006; Walton et al., 2009). As shown in Fig. 4.15A, the control embryos
showed irxa expression in the cells of the aboral ectoderm close to the boundary between
the ectoderm and the endoderm; this irxa expression could not be detected by WMISH in
the fgfr1 MASO injected embryos (Fig. 4.15C). We also tested gcm; all of the oral or
aboral markers above are expressed in the ectoderm but gcm is expressed in the
mesodermal cells. The mesodermal cells of the control mesenchyme blastula showed
strong expression of gcm, but FGFR1 KD embryos did not express gcm in the vegetal
plate (Fig. 4.15B, D). From these WMISH results of oral or aboral marker genes, we can
conclude that FGFR1 is involved the formation of the oral-aboral axis and without
FGFR1 the embryos are orally radialized.

4.2.5 Nodal expression and the FGF signaling pathway
Nodal is the earliest known gene known to be specifically transcribed on the oral
side and is capable of inducing oral-specification (Duboc et al., 2004). In L. variegatus
embryos, nodal expression is activated at the late blastula stage, around five and half
hours post fertilization (Bradham and McClay, 2006). Since the FGFR1 KD embryos are
visibly radialized as early as the mesenchyme blastula stage, we decided to ask if the
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Fig. 4. 15 . FGFR1 KD and oral-aboral axis formation at the mesenchyme blastula
stage.

(A, C) Whole mount in situ hybridization (WMISH) of irxa. (A) At the
mesenchyme blastula stage, irxa is expressed in the aboral ectoderm. (C) FGFR1 KD
embryos do not express irxa. (B, D) WMISH of glial cells missing (gcm). (B) gcm is
expressed in the SMCs of the aboral side. (D) FGFR1 KD embryos do not have gcm
expression in the vegetal plate. (A, B, C and D) show the lateral view; (B’) and (D’) show
the lateral view.
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oral-aboral axis is established in FGFR1 KD embryos in the earlier stages, using nodal as
a marker.
Normal embryos at 6 hours post fertilization, express nodal on one side of the
embryo as seen by WMISH, and confirming previous reports; this restricted expression
was maintained throughout early development processes (Fig. 4.16B-E). The FGFR1 KD
embryos showed strong expression of nodal in most cells beginning at 6 hours after
fertilization, and throughout the hatched blastula stage (Fig. 4.16G, H). At the
mesenchyme blastula stage, nodal was expressed in a wide equatorial band that excluded
the animal pole and the vegetal plate (Fig. 4.16I). In addition, at 5 hours after fertilization,
nodal expression was detected in FGFR1 KD embryos, earlier than we could detect a
signal by WMISH in the control embryos (Fig. 4.16A, F). These WMISH results show,
especially after the hatched blastula stage, fgfr1 MASO injected embryos have a very
similar nodal expression pattern to the NiCl2 treated embryos, which are oralized. After
the prism stage, FGFR1 KD embryos did not express nodal, whereas control embryos
continued to express nodal at a low level (Fig. 4.16E, J). The oralized phenotype of
FGFR1 KD embryos can be explained by the ectopic expression of nodal in the aboral
side which induces the oral-specific gene regulatory network and represses the expression
of the aboral ectodermal genes
We knocked down FGF and performed WMISH to confirm if the absence of FGF
signaling pathway through FGFR1 induced ectopic nodal expression. At the early
blastula stage, the fgf MASO injected embryos showed nodal expression in most of the
blastomeres (Fig. 4.17C); at the mesenchyme blastula stage, nodal was expressed in a
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Fig. 4. 16 FGFR1 KD and nodal expression.

(A-J) Whole mount in situ hybridization of nodal. (A-E) nodal is expressed in the
oral ectoderm from the late blastula stage. (F, G) Most cells of FGFR1 KD embryos
express nodal earlier than control embryos. (H, I) In FGFR1 KD embryos, nodal is
expressed in an equatorial belt pattern from the hatched blastula stage.(J) At the late
gastrula stage, FGFR1 KD embryos do not express nodal. EB, early blastula; LB, late
blastula; HB, hatched blastula; MB, mesenchyme blastula; LG, late gastrula.
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Fig. 4. 17 FGF and nodal expression.

(A-D) Whole mount in situ hybridization of nodal. (A, B) nodal is expressed in
the oral ectoderm at the hatched blastula and mesenchyme blastula stage. (C) Most cells
of FGF KD embryos express nodal at the hatched blastula stage. (D) nodal is expressed
in an equatorial belt at the mesenchyme blastula stage. HB, hatched blastula; MB,
mesenchyme blastula.
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wide equatorial band around the embryos excluding the animal pole and the vegetal plate
just like the nodal expression in the FGFR1 KD embryos (Fig. 4.17D).
.We performed QPCR to test the nodal expression level in the fgfr1 MASO
injected embryos and fgf MASO injected embryos (Table 4.3). Those QPCR data also
support the WMISH results; nodal mRNA level was significantly higher in FGFR1 KD
embryos and FGF KD embryos than control embryos at the late blastula stage (6hpf).

4.2.6 MAP kinase and ectopic expression of Nodal by FGFR1 KD
Bradham et al. reported that the oral-specific expression of nodal requires the
inactivation of p38 MAPK activity in the aboral side and that total inhibition of p38
MAPK activity prevents the expression of nodal and aboralizes the embryos with no
skeletogenesis (Bradham and McClay, 2006). Thus p38 MAPK is a crucial positive
regulator of nodal expression.
p38 MAPK activity is uniformly present prior to about 5.5 hpf. At that time its
activity disappears from future aboral ectoderm for about 30 min. After that, Nodal
expression is oral-specific. Since we observed earlier induction of nodal mRNA in the
entire embryo when fgfr1 MASO injected, we hypothesized that FGFR1 inhibits p38
MAPK activity, during the early blastula stage. Thus we investigated the relationship
between FGFR1 and p38, and how they are involved in early nodal induction.
First, we treated sea urchin embryos with a p38 inhibitor from early cleavage
stages to ask if p38 MAPK activity is required for the ectopic nodal induction in the
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Table 4. 3 nodal expression and FGF signaling.

Nodal
∆∆Ct
6hr

FGFR1 KD

FGF KD

1.94/2.94

2.11/2.96

10hr

1.52/1.32

0.21/0.12

nodal mRNA was increased by fgf or fgfr1 MASO injection. The Ct (Crossing
point threshold) values were normalized to ubiquitin and ∆∆Ct values were calculated by
subtracting the sample from the control Ct. Two separate sets of experiments are shown.
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presence of the fgfr1 MASO. At five hours post fertilization, control embryos did not
begin to express nodal (Fig. 4.18A, B), but one hour later, they expressed nodal in the
oral side and the p38 MAPK inhibitor, SB203580 (SB), blocked nodal expression (Fig.
4.18E, F). This agrees with the previous report and confirms the activity of SB compound.
At the early blastula stage (5hpf), the FGFR1 KD embryos expressed nodal in all cells
but embryos that received both the fgfr1 MASO injection and SB treatment did not
express nodal anywhere (Fig. 4.18C, D). The ectopic nodal expression by fgfr1 MASO
injection was repressed by the p38 inhibitor treatment at 6hpf as well (Fig. 4.18G, H).
These results suggest that the ectopic nodal expression by FGFR1 KD requires active p38
MAP kinase. Immunostaining against phosphor-p38 showed that FGFR1 MASO
injection does not affect the activity of p38 MAP kinse (Fig. 4.19).
One other upstream regulator of nodal during early development of sea urchins
has been reported. FoxQ2 represses nodal expression in the animal pole (Yaguchi et al.,
2008). We cloned the coding sequence of LvFoxQ2 and performed WMISH to confirm
its expression pattern. LvFoxQ2 is specifically expressed in the animal pole from the late
blastula stage (Fig. 4.20). In the FGFR1 KD embryos, foxQ2 expression was highly
reduced at the late blastula and the hatched blastula (Fig. 4.21), suggesting that signaling
through FGFR1 at the animal pole is necessary for foxQ2 expression in that region. This
would be one of the possible mechanisms that might allow the aboral ectopic nodal
expression by fgfr1 MASO.
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Fig. 4. 18 SB203580 treatment and nodal expression in FGFR1 KD embryos.

(A-H) Whole mount in situ hybridization of nodal. (A-D) At the early blastula
stage, control embryos do not express nodal yet, but FGFR1 KD embryos express nodal
in most of the blastomeres. If SB203580 is treated with fgfr1 MASO injection, the
embryos do not express nodal. (E-F) At the late blastula stage, control embryos express
nodal in the oral side and FGFR1 KD embryos show ectopic nodal expression. SB
treatment represses nodal expression in control embryos and FGFR1 KD embryos.
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Fig. 4. 19 FGFR1 MASO injection and p38 MAP kinase

(A, C) Immunostaining of phospho-p38 and (B, D) p-p38 overlapped with
Hoechst’s staining. FGFR1 KD did not change p-p38 MAP kinase at the early blastula
stage (5hpf).
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Fig. 4. 20 foxQ2 expression in L. variegatus

(A-F) Whole mount in situ hybridization of foxQ2. (A, B) At the 128-cell and
early blastula stage, foxQ2 mRNA is not detected. (C) At the late blastula stage, foxQ2 is
expressed in the animal half. foxQ2 expression is restricted in the small region of animal
pole during gastrulation. EB, early blastula; LB, late blastula; HB, hatched blastula; MB,
mesenchyme blastula; LG, late gastrula.
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Fig. 4. 21 FGFR1 KD and expression of foxQ2.

(A-D) Whole mount in situ hybridization of foxQ2. (A)Control embryos express
foxQ2 in the animal half the late blastula stage and (B) in the animal pole at the hatched
blastula stage. (C-D) FGFR1 KD embryos do not express foxQ2 during the late blastula
and hatched blastula stages. LB, late blastula; HB, hatched blastula.
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4.3 Discussion
4.3.1 FGF signaling and nodal induction during sea urchin
development
The FGFR1 KD and FGF KD experiments showed that FGF signaling is required
for the oral-aboral axis formation in sea urchin embryos. In control embryos, the data
suggest that FGF signaling through FGFR1 inactivates nodal expression through
repressing downstream targets of p38 MAPK activity. When FGF or FGFR1 is knocked
down, foxQ2 is not expressed which may allow nodal expression to be augmented,
meanwhile p38 MAPK activity acts to promote nodal expression in all blastomeres (Fig.
4. 22). At 5.5 hours post fertilization, p38 MAPK activity leaves the aboral ectodermal
nuclei, and this could occur by an FGF-FGFR1 pathway. The amount of fgfr1 mRNA
drops around the late blastula stage, around the p38 MAPK-induced nodal asymmetry is
completed. Once activated above a certain level, nodal engages in a positive feedback
loop called a “community effect” and the oral-aboral axis is determined and further
reinforced by Lefty, BMP, and Chordin (Bolouri and Davidson, ; Duboc et al., 2008;
Lapraz et al., 2009; Nam et al., 2007; Range et al., 2007) (Fig. 4.23). This model adds the
FGF signaling via FGFR1 to the mechanism and is supported by several experiments.
First, the knockdown of FGFR1 results in premature nodal expression in all of the
blastomeres, suggesting that the normal function of FGFR1 is repressing nodal
expression during the early blastula stage. Second, treatment with SB represses the
ectopic nodal expression in FGFR1 KD embryos; this shows that active p38 MAPK
activity is required for this expression of nodal. In addition, our model can explain why
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Fig. 4. 22 The regulatory model of FGF signaling pathway and nodal expression.

In control embryos, the FGF-FGFR1 signaling pathway represses nodal expression, and
if FGF or FGFR1 is knocked down, active p38 MAP kinase can induce nodal expression
in entire blastomeres. In the animal half, foxQ2 requires active FGFR1 and FGFR1 KD
embryos do not express foxQ2 which inhibit nodal expression in the animal pole.
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Fig. 4. 23 The regulatory model of oral-aboral axis formation.

Before 5.5 hours post fertilization, the FGF-FGFR1 signaling pathway represses
p38 from inducing nodal expression. At the late blaustla stage, (around 5.5 hours-6hours
post fertilization), the GRN undergoes two changes: p38 is inactivated in the aboral side
and FGFR1 disappears. These changes result oral-specific expression of nodal; then
Nodal can induce other oral-specification genes. In the aboral side, aboral specification
genes, like Tbx2/3 is induced.
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the early blastula has active p38 MAP kinase in all of the cells, but can not induce nodal
before 5.5 hours post fertilization; the FGF-FGFR1 pathway represses nodal from being
induced earlier by active p38. Third, the QPCR data showed that fgf and fgfr1 mRNA
levels are lowest around 5-6 hours after fertilization when active p38 specifically induces
nodal expression on the oral side.
Measuring FGF and FGFR1 protein levels, which we expect to be similar to mRNA
levels, and/or measuring the phosphorylation level of downstream targets of FGFR1 can
add more evidence to this model. It is interesting that FGF signaling, which is known to
activate MAP kinase cascade, appears to act as a negative regulator of p38 MAPK
function. One possible explanation is that FGF signaling activates inhibitors of p38 MAP
kinase phosphorylation (necessary for MAPK activity) pathway and while FGF signaling
is active, p38 MAPK can not efficiently activate its downstream targets.
The fgfr1 MASO-injected embryos do not express foxQ2 at the late blastula or
hatched blastula stages (Fig. 4.21). Using the animal-vegetal half transplantation
experiment, we showed that the FGFR1 in the animal hemisphere is important for proper
axis formation of the sea urchin embryo.Since FoxQ2 has been shown to repress nodal
expression in the animal hemisphere, absence of foxQ2 expression in FGFR1 KDs
predicts an overexpression of nodal and that is what is observed. This, however, does not
explain the normal asymmetric expression of nodal.
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4.3.2. FGFR1 and FGF KD
While FGFR1 KD embryos showed highly consistent phenotypes within a batch,
the FGF KD embryos showed a wider range of defects and of the penetration of those
phenotypes changed according to the concentration of injected MASOs (Fig. 4.4, 4.7).
There are several possible explanations for these differences in KD phenotypes. First,
FGF KD also inactivates signaling through FGFR2, which is exclusively expressed in the
PMCs. Thus, inactivation of the FGFR2 pathway could be responsible for some of the
defects caused by the fgf MASO, in addition to those caused by defects through loss of
FGFR1 signaling. FGFR1 KD resulted in elongated spicules with abnormal patterning,
though the larval skeleton is produced. The FGF KD embryos showed very short spicules,
rudiments without elongation, or no skeletogenesis. The elongation defect therefore
might be caused by inactivation of FGFR2 in the PMCs, while the patterning defect is
likely due to altered FGFR1 signaling that affects ectodermal patterning through Nodal.
As mentioned in the introduction, patterning of skeletogenesis is the responsibility of
ectoderm (Hardin et al., 1992). In P. lividus, double KD of FGFR1 and FGFR2 results in
more severe phenotypes than the single KD (Rottinger et al., 2008). In addition, a number
of our tests occurred during the early blastula stage, so we can not exclude the possible
existence of a maternal protein load of FGF. Moreover, though we tested the efficiency of
fgf MASO by repressing 5’UTR-connected memRFP, leaky expression of some FGF can
not be excluded. In addition, since FGF and the FGF receptors are expressed in various
expression sites over time, FGF might be expected to have pleiotropic functions and each
function may be disrupted at a different threshold. As Table 4.1 shows, a higher
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concentration of fgf MASO resulted in loss of skeletogenesis in the majority of the
injected embryos and at lower doses of MASO injected, the embryos tended to show
defects in the axis formation and elongation, and at the lowest level, only elongation of
larval skeleton was disturbed. These phenotypes suggest that a low level of FGF is
enough for the formation of skeleton rudiments, and the axis formation needs a higher
level of ligand activity; the efficiency of spicule elongation is very sensitive to the FGF
level, likely through FGFR2.

4.3.3 The difference of FGFR1 expression pattern and function
between L. variegatus and P. lividus
WMISH experiments showed that fgfr1 has a dynamic expression pattern which
covers the animal pole and the vegetal plate including the mesoderm and the endoderm.
However, we could not detect fgfr1 expression in the oral ectoderm which was reported
in the previous paper (Lapraz et al., 2006) The difference of fgfr1 expression pattern can
be explained by 1) a species difference and/or 2) WMISH sensitivity.
Not only the expression patterns, but also the KD phenotypes show differences
between the two species. In P. lividus, FGF KD resulted in delayed ingression of PMCs
and the abnormal organization of larval skeleton as well as delayed invagination and
differentiation of the endoderm (Rottinger et al., 2008). These KD phenotypes in P.
lividus are similar to the effects of the fgf MASO injection in L. variegatus embryos in
many aspects. However, in L. variegatus, though the endoderm could not form the
stomodeum, embryos subdivided the gut as they normally do. In L. variegatus, at the
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highest concentration (1.5mM) of fgf MASO injection, many of the embryos did not
produce skeleton, but at the lower concentration (1mM), the embryos showed varying
numbers of skeleton rudiments showing a radialized phenotype. In P. lividus, when FGF
expression was inhibited, the skeleton did not form so it was not possible to determine
whether the FGF KD phenotypes represented abnormal axis formation and/or missing
FGF-FGFR2 signaling which is critical for skeletogenesis. In the case of the receptor,
repression of FGFR1 in P. lividus resulted in delayed gastrulation and observed defects in
the elongation of larval skeleton. In L. variegatus, fgfr1 MASO produced similar defects
in PMCs and endoderm, but also disturbed the oral-aboral axis formation. This FGFR1
function in the axis formation was not described in the P. lividus embryos. Therefore
there may be differences between FGF signaling function between the two species, or it
is possible Rottinger, et al., simply did not pick up a relationship between FGFR1 and
Nodal. There are several additional apparent differences between the two species in the
components of oral-aboral axis formation as well as FGF signaling. For example, in the
case of nodal, Duboc et al reported that nodal mRNA could be detected from the 60-cell
stage of the P. lividus embryos, but Bradham and McClay showed that in L. variegatus,
nodal expression is first detected around 5.5 hours after fertilization, two cleavages later,
or around the late blastula stage (Bradham and McClay, 2006; Duboc et al., 2004). This
difference in the appearance of nodal may indicate that in the roughly 20 million years
separating the two species; the FGFR1-Nodal functions could have changed.
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4.3.4 FGF signaling pathway and sea urchin axis formation
Recently, Bergeron et al. reported that glycosaminoglycans (GAGs) are important
for the oral-aboral axis formation of sea urchin embryos (Bergeron et al.). Treatment with
chlorate, an inhibitor of sulfation which disturbs GAG formation, resulted in radialization
through deregulation of Nodal signaling. The chlorate treated embryos showed nodal and
lefty expression in most of the blastomeres and showed higher numbers of rudiments of
larval skeleton. Interestingly, chlorate has been shown to be a potent inhibitor of FGF
signaling in the early mouse embryos (Oki et al.), because the heparan sulfate
proteoglycan, a sulfated GAG, is a necessary component of FGF signaling (Bernfield et
al., 1999). Also, the oral-aboral axis formation is sensitive to the chlorate treatment
before mid-blastula stage (Bergeron et al.), an important time point when we suggest the
FGF-FGFR1 signaling pathway affects nodal expression. Thus, this report is consistent
with our model of FGFR1 and oral-aboral axis formation.

FGF-FGFR1 signaling is required for oral-aboral axis formation in the sea urchin
embryo. However, FGF signaling is not expected to be involved in the formation of
asymmetric characteristics which produces oral-specific nodal expression. Instead, it
appears to globally repress nodal expression until p38 MAP kinase obtains the proper
asymmetric activity. Fig. 4.23 summarizes the suggested model of the mechanism of
asymmetric nodal induction. Without FGFR1, nodal can be induced at the early blastula
stage by the active p38 MAP kinase which exists ubiquitously. How the p38 MAP kinase
is selectively inactivated in the aboral side and whether p38 is the only mechanism by
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which the asymmetric expression of nodal is obtained, are questions that remain to be
solved. fgfr1 MASO inhibits foxQ2 expression, and FoxQ2 normally represses nodal
expression in the animal half until the late blastula stage. Thus, under normal conditions,
FGFR1 is expected to be involved in the regulation of foxQ2 in the animal hemisphere.
The relationship between FGFR1 and FoxQ2, especially during the early blastula stage, is
expected to provide important clues as to how the axis formed early on as well.
FGF signaling has been shown to play crucial roles in axis formation during
development, but most of the studies focus on the functions of FGF during gastrulation.
Here, we found evidence showing that FGF signaling is involved in crucial
developmental processes, like axis formation, from the very beginning of the
development.
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Chapter 5. Conclusions
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This study investigated the regulation and function of the transcription factor
FoxN2/3 and the FGF-FGFR1 signaling pathway in sea urchin development at a systems
biology level. First, we elucidated the regulatory mechanism within the PMC GRN of
FoxN2/3 and its function in PMCs. Second, we showed that FGF signaling regulates the
organization of PMCs and their end-product, the larval skeleton, by affecting the
ectodermal signaling pathways, FGF and VEGF. As a component of those pathways we
learned that an FGF signaling pathway, through the FGFR1 receptor, is involved early in
specification of the oral-aboral axis formation of sea urchin embryos. Thus, at a systems
level FoxN2/3 is upstream of expression of RTK receptors necessary for skeletogenesis.
Those RTK pathways, in turn, are responsible for activating the skeletogenic
differentiation of PMCs enabling them to produce the skeleton. RTKs are also involved
in establishing the spatial patterning of the ectoderm which is necessary for the ectoderm
to provide the proper positional signals for skeletogenic cells to pattern the skeleton.

5.1 Summary
5.1.1 FoxN2/3: regulation and function in the PMCs
foxN2/3 is expressed in most of the endomesoderm including PMCs, SMCs, and
endodermal cells. In the PMC GRN, we elucidated the upstream regulators of FoxN2/3:
Pmar1, Ets1, and Tbr (Fig. 5.1). The regulatory mechanism of foxN2/3 is expected to be
very complex because each expression site a distinct induction mechanism. For example,
the inhibition of Tbr and Ets1 prevented foxN2/3 expression in PMCs, but SMCs and
endoderm continued to express foxN2/3 normally. We perturbed several possible
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Fig. 5. 1 FoxN2/3 and the PMC GRN.

In micromere progenies, Pmar1is activated and represses HesC, the universal
repressor of PMC specification. Then PMC specification transcription factors, alx1, tbr,
and ets1 are activated but only Tbr and Ets1 are involved in the induction of foxN2/3.
FoxN2/3 plays an important role in PMC ingression, expression of skeletogenic genes,
syncytium formation and PMC signal which represses SMC transfating.
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regulators of foxN2/3, including elimination of all PMC signals by removing micromeres.
However, this perturbation did not change the foxN2/3 expression pattern in SMCs or
endoderm. Thus, not only is FoxN2/3 regulated differently in each of the territories of its
expression, FoxN2/3 itself is not involved in regulation of FoxN2/3 in other territories.
The roles of FoxN2/3 can be described as: 1) the regulation of the early induction
of skeletogenic genes including Msp130, sm30 and sm50, 2) the regulation of PMC
ingression and formation of syncytium and 3) the regulation of the PMC signal which
prevents SMCs from transfating. We also showed Tbr is involved in the PMC signal as
well, based on the logic that if Tbr works as an upstream regulator of FoxN2/3 it should
have among its functions the same as observed for FoxN2/3. The FoxN2/3 KD embryos
start to express skeletogenic genes around the late gastrula stage, when the transfating of
SMCs begins in PMC-less embryos (Fig. 3.13A-D) In embryos with transplanted
FoxN2/3 KD micromeres (as marked by a coinjected dye), the cells that express the
skeletogenic genes and produce the skeleton are unlabeled, and therefore transfated
SMCs. In whole embryos with foxN2/3 morpholino injection, a skeleton is again
produced. In this case the presumably transfated SMCs either find a detour around
FoxN2/3 to differentiate into the skeletogenic cells, or by the late gastrula stage when
transfating occurs the morpholino has lost its impact on FoxN2/3 translation.

5.1.2 FGF signaling pathway and the organization of PMCs
In chapter 4, we examined how the FGF signaling pathway regulates the
organization of PMCs and the larval skeleton. During the development of larval skeleton,
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PMCs form two bilateral clusters which are guided by ectodermal signals, including FGF
and VEGF. When FGFR1 was knocked down, the receptors (FGFR2, VEGFR), which
are expressed specifically in PMCs, were expressed normally (Fig. 4.8F, Fig. 4.11A-D),
but the expression patterns of fgf and vegf were disrupted (Fig. 4.8G-J and Fig. 4.11E-H);
the earlier induction (at the mesenchyme blastula stage) of the ligands was repressed and
later their expression was not properly restricted to the two ectodermal patches. In the
FGF KD embryos, the phenotypes were distributed in a wide range, but overall, their
phenotypes agreed with the FGFR1 KD phenotypes. Thus, the FGF signaling through the
FGFR1 receptor plays an important role in the organization of PMCs and the larval
skeleton, and without it ectodermal signaling is disrupted.

5.1.3 FGF signaling pathway and the oral-aboral axis formation
We determined that the impaired FGF signaling pathway actually is due to
changes in the spatial expression pattern of fgf and vegf. fgf and vegf normally are
expressed in two restricted ectodermal patches between the oral and the aboral side.
However, the FGFR1 KD embryos lost specification of the oral-aboral axis, and this
perturbed the expression sites for fgf and vegf. In the FGFR1 KD embryos or the FGF KD
embryos, nodal, the oral-specification gene, is expressed in both of the oral and the
aboral ectoderm. By WMISH of oral/aboral marker genes, we showed that the FGFR1
KD results in oralization. The disrupted oral-aboral axis formation therefore appears to be
the major cause of abnormal expression of FGF and VEGF ligands. This observation led
us to ask how FGFR1 might be involved in oral-aboral specification. FGFR1 KD blocked
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foxQ2 expression in the animal pole, and presumably its earlier expression in the entire
animal half embryo (Fig. 4.10); Earlier, FoxQ2 was shown to repress Nodal expression so
its absence probably allows early and ectopic nodal expression to oralize the entire
ectoderm. We also showed that p38 MAP kinase activity is involved in oral nodal
induction, confirming an earlier study. We further showed that ectopic expression of
nodal in the FGFR1 KD embryos requires normal p38MAPK signaling, providing
another avenue whereby FGF signaling contributes to oral-aboral axis formation. Thus,
through the interaction with FoxQ2 and p38 MAP kinase, FGFR1 plays a crucial role in
the oral-aboral axis formation in sea urchin development.

5.2 Future directions
5.2.1 The niche of foxN2/3 in GRN
We elucidated the upstream regulators of foxN2/3 in PMCs, but the regulation of
foxN2/3 in the endomesodermal cells other than PMCs requires more perturbation
experiments of SMC and endoderm-specification genes. This exploration is compelling
because the upstream regulators of foxN2/3 appear to be different from other SMC
specific genes; many of the SMC specific genes are regulated by Delta/Notch signaling,
but foxN2/3 does not require them. A cis-regulatory study of the FoxN2/3 promoter
would be valuable as it would determine which of the modeled proximal regulators, are
direct or indirect inputs into the enhancer.
An obstacle to studying the regulators of foxN2/3 is that FoxN2/3 is expected to
have at least three different induction mechanisms and even if one induction is blocked
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and foxN2/3 is repressed in one tissue, other mechanisms still activate foxN2/3 in other
sites and can compensate the reduction of mRNA. This characteristic makes high
throughput investigations based on mRNA abundance very difficult (via nanostring or
QPCR). For genes with complex expression patterns like FoxN2/3, WMISH or reporter
expression patterns are the only tools for discovery.
The direct downstream targets of FoxN2/3 remain to be elucidated as well. From
section 3.3.2, we showed that FoxN2/3 regulates the early induction of skeletogenic
genes. However, FoxN2/3 is expected to interact with other transcription factors in the
PMC GRN which remain on in PMCs after ingression and directly regulate
skeletogenesis. Thus, the downstream effects of FoxN2/3 are likely to be a mix of genes
with direct inputs from FoxN2/3, and genes where FoxN2/3 is necessary for network
stability but with no direct input into a target of that network.

5.2.2 FGF signaling pathway and the organization of PMCs
In chapter 4, we focused on the function of FGF and FGFR1 in sea urchin
development. However, to understand the function of FGF signaling, we still need to
elucidate the function of FGFR2 as well. It is expected that FGFR2 is crucial for the
elongation of larval skeleton because in most cases of FGF KD embryos, the larval
skeletons were much shorter than the spicules of FGFR1 KD embryos. Since FGFR2 is
expressed in PMCs, another possible role of FGFR2 could be the induction of fgf in the
PMCs at the prism stage. FGFR2 KD experiments will show the roles of FGFR2 in
skeletogenesis and/or the regulation of fgf expression.
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Section 4.2.4 and 4.2.5 showed that FGFR1 KD disturbs the oral-aboral axis
formation of sea urchin embryos. This could be the major cause of the abnormal
expression of fgf and vegf in the ectoderm of FGFR1 KD embryos. Still, there are several
questions about the relationship between FGF and VEGF signaling pathways, such as the
effect of VEGF signaling on the components of FGF signaling pathway. FGFR2 and
VEGFR might have positive feedback to maintain expression in the PMCs or they might
have similar upstream regulators but do not affect each other at all. The FGF and VEGF
signaling pathways can share signal transduction cascades including PLCγ or PI3 kinase.
Thus, the regulatory relationship between the FGF and VEGF signaling pathway requires
more detailed studies.

5.2.3 FGF signaling pathway and the oral-aboral axis formation
We could not detect asymmetric expression of fgfr1 at the early blastula and late
blastula stages, but the distribution of protein might be different. Immunostaining of
FGFR1 protein or active FGFR1 would show the distribution of FGFR1 protein in sea
urchin embryos. If FGFR1 protein has an asymmetric distribution, then FGFR1 itself can
be involved in the initiation of oral-aboral asymmetry. In addition, it would be interesting
to see if FGFR1 is involved in the inactivation of P38 MAP kinase in the aboral side. The
phosphorylation of direct downstream targets of FGFR1 is expected to provide a more
detailed explanation of our FGF-FGFR1-p38 MAP kinase model as well. The difference
between the FGF signaling pathway and other transcription factors in the GRN is that its
direct downstream targets are regulated by posttranslational regulation, like
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phosphorylation. Thus, screening methods based on transcription levels can provide
important clues about the indirect transcriptional regulation, but would not be very
helpful in finding the direct targets of FGFR1. The information about the direct targets of
FGFR1 can provide not only the activity of FGFR1 but also how FGFR1 can repress p38
MAP kinase during the early blastula stage.
How FGFR1 regulates foxQ2 is a remaining question. By WMISH, foxQ2 is
detectable from the late blastula stage, when fgfr1 mRNA is decreased. Thus, the exact
time of foxQ2 induction and the activity of FGFR1 should be elucidated first. Then
upstream regulators of foxQ2 should be determined and tested if the are targets of FGFR1.

A developmental process requires a network of gene regulation: induction or
repression of specific sets of genes or posttranslational regulation like phosphorylation.
To understand a specific developmental process, we need to understand a whole network
that consists of transcription factors, signaling molecules, and downstream targets. In this
study, we investigated how FoxN2/3 and FGFR1 interact with other transcription factors
and downstream effector molecules during the early development of sea urchins. We are
one step closer to understanding sea urchin development at a systems level and we have
provided a model which can be applied to the study of other organisms.
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Appendix A
Developmental stages of sea urchin embryos
16-cell stage
60-cell stage
Early Blastula stage
Late Blastula stage
Hatched Blastula stage
Mesenchyme blastula stage
Early Gastrula stage
Late gastrula stage
Prism stage
Pluteus stage
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